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𝐷  Cup diameter 
𝐷0  Blank diameter (= 2𝑅0) 
𝐷𝑑  Die diameter (= 2𝑅𝑑) 
𝐷𝑝  Punch diameter (= 2𝑅𝑝) 
𝐷𝑝1  1
st
 punch diameter in MUDD 
𝐷𝑝2  2
nd
 punch diameter in MUDD 
𝐸  Young’s modulus 
𝐸𝑜  Reduced modulus of buckling of sheet metal 
𝐹𝑜  Tangent modulus of buckling of sheet metal 
𝐻  Cup height 
𝐼  Geometrical moment of inertia per unit width 
𝐾  Strength coefficient 
𝐿  Length of side wall 
𝐿𝑐  Contact length between the blank and punch side wall 
𝑀  Bending moment per unit width in die shoulder 
𝑀𝐵  Relative moment per unit width for bending resistance of blank  
𝑀𝑝 Relative bending moment per unit width caused by counter pressure applied to 
side wall 
𝑁  Ratio of thickness to grain size (= 𝑡 𝑑⁄ ) 
𝑃  Punch force 
𝑃𝑎𝑙  Allowance punch force at punch side wall 
𝑃𝑚𝑎𝑥(𝑝𝑟=0) Maximum punch force without radial pressure 
𝑃𝑚𝑎𝑥(𝑝𝑟>0) Maximum punch force with radial pressure 
𝑃𝐸  Effective punch force 
𝑃𝑀  Measured punch force 
𝑃𝑝  Force acting on the punch oppositely by counter pressure 
𝑃𝑆, 𝑃𝐹 , 𝑃𝐵, 𝑃𝑈𝐵 Pure drawing, friction, bending and unbending forces 
?̅?𝐸  Normalized effective punch force 
?̅?𝐸𝑚𝑎𝑥  Normalized maximum effective punch force 
?̅?𝐹  Normalized friction force 
?̅?𝑀  Normalized measured punch force 
𝑄  Blank holder force per unit width 
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𝑉1, 𝑉2, 𝑉3, 𝑉4 Volumes at die shoulder, side wall, punch shoulder and punch bottom areas 
𝛼𝑜, 𝛼𝑐, 𝛼𝑅𝐶 Fractions of OLPs, CLPs and RCA 
?̅?𝑐 , ?̅?𝑜  Fractions of nominal CLPs and OLPs 
𝛼𝐵  Functions of 𝛾0 and 𝛾1  (= (𝛾0 − 𝛾1) 𝛾0𝛾1⁄ ) 
𝛼𝐻  Functions of 𝛾0 and 𝛾1  (= 𝛾0 + 𝛾1) 
𝛼𝐷  Functions of 𝛾0 and 𝛾1  (= (𝛾0 + 𝛾1)
2 (𝛾0 − 𝛾1)
3⁄ ) 
𝛽0  Relative current blank radius (= 𝑟0 𝑅0⁄ ) 
𝛽1  Relative radius at entrance of die shoulder (= 𝑟0 𝑅1⁄ ) 
𝛽2  Relative radius at exit of die shoulder (= 𝑟0 𝑅2⁄ ) 
𝛽∗  Function of 𝛽0, 𝛽1 and 𝛽2 
𝛾0  Current drawing ratio (= 𝑟0 𝑅𝑝⁄ ) 
𝛾1  Drawing ratio at entrance of die shoulder (= 𝑟1 𝑅𝑝⁄ ) 
𝛿  Elongation 
𝛿𝑑  Relative punch diameter to thickness (= 𝐷𝑝 𝑡⁄ ) 
𝜀0  Material constant 
𝜀𝑒𝑞  Equivalent strain 
𝜀𝑛  Nominal strain 
𝜀𝑡  Thickness strain 
𝜀𝑢  Strain at tensile strength 
𝜀𝜑 , 𝜀𝜃  Meridional and circumferential strains 
𝜀?̅?𝑞  Average equivalent strain 
𝜆  Scale factor (= 𝑅0 𝑤⁄ ) 
𝜇  Average friction coefficient 
𝜇𝑐  Friction coefficient in CPLs 
𝜇𝑑  Friction coefficient for dry friction in OLPs 
𝜇𝑓𝑙𝑢𝑖𝑑  Friction coefficient in lubricated OLPs by fluid pressure 
𝜇ℎ  Friction coefficient in hydraulic lubrication 
𝜇𝑘  Kinetic friction coefficient used in FEM 
𝜇𝑠  Static friction coefficient used in FEM 
𝜉  Taper angle of die and 1st punch in MUDD 
𝜎𝑏 , 𝜎𝑢𝑏  Bending and unbending stresses 
𝜎𝑑 , 𝜎𝑓  Pure drawing and friction stresses 
𝜎𝑒𝑞  Equivalent stress 
𝜎𝑛  Nominal stress 
𝜎𝑟  Compression stress at flange area by radial pressure 
𝜎𝑦  Yield stress 
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𝜎𝐵  Tensile strength 
𝜎𝜑 , 𝜎𝜃  Meridional and circumferential stresses 
?̅?𝑒𝑞  Average equivalent stress 
𝛷  Contact angle at die shoulder 
𝛷𝑐  Bending angle to make contact between the blank and punch side wall 
𝛷𝑒  Angle of no contact area in entrance of die shoulder 
𝜔𝑐𝑟  Allowable specific wrinkle height 
∆𝑓  Flatness at bottom of cup 
∆𝑠  1st punch displacement in MUDD process 
∆𝑡  Flange pressing amount in MUDD process 
∆𝑃𝐸𝑚𝑎𝑥 Reduction of maximum effective punch force by radial pressure 
∆?̅?𝐸𝑚𝑎𝑥 Normalized reduction of maximum effective punch force by radial pressure 
∆𝜎𝜑  Reduction of meridional stress at side wall by applying radial pressure 
𝐷𝑅  Drawing ratio (= 𝑅0 𝑅𝑝⁄ ) 
𝐷𝑅1  Drawing ratio at 1
st
 drawing in MUDD 
𝐷𝑅2  Drawing ratio at 2
nd
 drawing in MUDD 











1.1. Background                            
 
The demand for micro components with an ultra fine, complicated shape, and high shape 
accuracy has been increasing in order to improve the performance of medical devices, precision 
equipment, communication devices, and micro-electromechanical systems (MEMS), as well as to 
achieve multifunctional, compact, and highly integrated devices. According to Yole Development 
market analysis of May 2015 [1-1], especially micro sensors market is expected of the raped growth 
and the whole MEMS industry is preparing to exceed 20 billion US$ by 2020 as shown in Fig. 1.1.  
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To reduce the product size by half or more and also reduce costs, the MEMS market is calling for 
new technologies to meet their challenges. As a production method for micro components, the 
conventional metal forming was scaled down to micro scale due to its process simplicity, high 
production capability, minimized or zero material waste, and near-net-shape production. Scaled 
down technologies, such as micro blanking, micro extrusion, micro bending, micro forging, and 
micro deep drawing (MDD), have been developed since more than 10 years ago [1-2]. These 
forming technologies are adopted to produce the lead frame, micro pin, micro gears, micro screw, 
micro spring, bipolar place, and many others. These micro components fabricated by micro forming 
are summarized in Table 1.1. 
The three dimensional micro components are known as a complex shape and are hard to 
fabricate. Previously, a hybrid forming method of micro bending and laser welding was adopted for 
fabricating the three dimensional micro components with complex shape as shown in Fig. 1.2 [1-14]. 
This technique can apply various shapes by changing the blank material; however, it cannot say that 
the produce quality is high enough due to the welding line. To fabricate the seamless three 
dimensional micro components, micro deep drawing (MDD) process was scaled down. The 
components fabricated by MDD have been adapted to the various applications, especially in medical, 
electrics and telecommunication devices. Yang developed a micro pump valve which is used at 
medical solution injection equipment as shown in Fig. 1.3 [1-15]. The micro deeper cup shape 
components was used in probe pin used for electric characteristics measuring [1-16] and advanced 
medical equipment [1-17]. Thus, various shapes and sizes, such as shallow or deep containers, 
irregular shape, were demanded in MDD. However, these conventional technologies need many 
steps to achieve the long and tiny shape. It takes a long forming cycle and costs a lot because many 
tools and machines are required to conduct several steps. Additionally, it is difficult to apply further 
complication and miniaturization of components. As mentioned above, further simple and flexible 









Table 1.1  Adoption examples of micro forming in micro parts and its applications. 
 
 
Applications Micro parts Forming process Reference






























Fig. 1.2  Hybrid forming method of micro bending and laser welding for complex shape [1-14]. 
 
 
(a) Micro valve pump 
 
                 
(b) Micro deeper cup for probe pin              (c) Micro deeper cup for advanced 
medical equipment 
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1.2. Macro Sheet Forming for High Aspect Ratio Products     
 
In macro metal forming, several techniques for high aspect ratio products, such as pressure, 
heating, vibration, and process control, were developed. These techniques have the potentials to 
realize the high flexibility, decrease of number of process, high shape accuracy, good surface 
property and high forming limit. Therefore, it is believed that these techniques can solve the 
problems in micro scale. In this section, the techniques for high aspect ratio products developed in 
macro scale are reviewed and the effectiveness of these techniques and the feasibility of their 
advantages in micro scale are discussed. 
 
 
1.2.1. Pressure aided forming                       
 
The pressure in deep drawing is useful to fabricate the complex shape components due to its 
flexibility. The pressure is generally generated by the fluid medium, air, rubber and other materials. 
There are several methods of the deep drawing using the pressure and it can be classified as follows, 
(a) Hydromechanical deep drawing 
(b) Radial pressure assisted hydromechanical deep drawing 
(c) Rubber pat forming 
(d) Deep drawing with high pressured water jet 
Kasuga et al., developed the hydromechanical deep drawing –pressure lubricated method– as 
shown in Fig. 1.4(a) [1-18]. In this method, the hydrostatic pressure is applied from the die cavity 
during deep drawing process. The application of fluid pressure can induce fracture prevention effects, 
such as friction holding effect, hydrodynamic lubrication effect, pre-bulging effect, and compression 
effect of blank edge by radial pressure [1-19]. Based on this hydromechanical deep drawing, 
Nakamura et al., developed the radial pressure assisted hydromechanical deep drawing in which the 
radial pressure is applied to blank edge to enhance the material flow and improve the tribological 
behavior as shown in Fig. 1.5 (a) [1-20]. To improve the work environment, the hydroforming 
method was developed in which the rubber sheet is used to prevent the leakage of fluid medium as 
shown in Fig. 1.6 [1-21]. Moreover, the fluid pressure is easily controlled in this method due to no 
leakage. The mechanisms for each effect in these forming methods are shown in Fig. 1.7 and 
expressed as follows; 
 
(a) Friction holding effect 
When the blank contacts with the punch at side wall, the friction between the blank and punch 
side wall occurs and it reduces the meridional stress applied to the blank at punch shoulder. This 
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effect is called as the friction holding effect and it can prevent the fracture at punch shoulder by the 
reduction of applied force to the blank. 
(b) Pre-bulging effect 
When the counter pressure is applied before the deep drawing process starts, the blank deformed 
to the punch side. This pre-bulging deformation is helpful to induce the friction holding at early 
stage by the contact between the blank and punch. Furthermore, by compressing the bulged blank, 
the blank near the punch shoulder becomes thick and the allowance applied force can be improved. 
To obtain this thickening behavior, the lubricant and material flow at flange are at pre-bulging stage 
is important to prevent the thinning.  
 
(c) Hydrodynamic lubrication effect 
When the fluid medium leeks between the blank and die, the hydrodynamic lubrication occurs. It 
can reduce the friction coefficient between the blank and die significantly and improve the 
tribological behavior. 
 
(d) Variable die radius effect 
To decrease the maximum applied force to the blank, the die radius is set up the large until the 
maximum applied force, and then set up the designed value by controlling the fluid pressure during 
the process. 
 
(e) Compression effect of blank edge by radial pressure 
By applying the radial pressure at blank edge, the compression stress can be applied at flange 
area. It can reduce the meridional stress at flange area and enhances the material flow. 
 
(f) Both sides hydrodynamic lubrication effect 
By applying the radial pressure at blank edge, the hydrodynamic lubrication occurs not only 
between the blank and die, but also between the blank and blank holder. The further improvement of 
tribological behavior can be obtained by this both sides hydrodynamic lubrication effect. 
 
Due to these effects in hydromechanical deep drawing, the drawing ratio of 2.92 and aspect ratio 
of 1.84 can be achieved in the hydromechanical deep drawing as shown in Fig. 1.4(b), and the 
drawing ratio of 3.31 and aspect ratio of 2.4 can be obtained in radial pressure assisted 
hydromechanical deep drawing Fig. 1.5(b). This forming method also can reduce the springback and 
improve the shape accuracy [1-22]. 
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(a) Schematic of forming principle                (b) Example of drawn cup 
Fig. 1.4  Hydromechanical deep drawing (pressure lubricated method) [1-18, 19]. 
 
            
(a) Schematic of forming principle                  (b) Example of drawn cup 
Fig. 1.5  Radial pressure assisted hydromechanical deep drawing [1-20]. 
 
     
(a) Schematic of forming principle              (b) Example of drawn cup 










































                
(a) Friction holding effect    (b) Hydrodynamic lubrication effect 
 
              
(c) Pre-bulging effect              (d) Variable die radius effect 
 
                    
(e) Compression effect of blank edge     (f) Both side hydrodynamic lubrication effect 
   by radial pressure 
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In the hydromechanical deep drawing, the cycle time is low because the fluid medium should be 
filled in the die cavity after the process. In addition, when the lubricant is used, the degreasing and 
clearing processes are required. To solve this problem and improve the productivity, Yamazaki et al., 
developed a deep drawing using high pressure jet water to improve the tribological behavior without 
the lubricant [1-23]. The high pressure jet water is applied from punch shoulder to reduce the contact 
between the blank and die as shown in Fig. 1.8(a) [1-24]. Thus, the tribological property can be 
improved with the high productivity and without lubricant. Using this method, the drawn cup with 




      
(a) Schematic of forming principle                 (b) Example of drawn cup 
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Instead of the fluid pressure, the rubber pat is used in rubber pat forming as shown in Fig. 1.9. 
The guerin process shown in Fig. 1.9(a) is generally used for the bending, bulging, embossing, 
shallow recessing and shearing. The marform process shown in Fig. 1.9(b) is generally used for deep 
drawing [1-25]. This marform process also can be obtained the friction holding effect to improve the 
drawability and is suitable to fabricate the complex shape components. As compared with the 
hydromechanical deep drawing, the forming process is much simple due to no control of the fluid 
pressure during the process, although the failure of forming machine occurs due to the fracture of 
rubber pat. This rubber part forming of marform process can fabricate the drawn cup with the 
drawing ratio of 2.6 and aspect ratio of 1.4 in one step as shown in Fig. 1.9(c). Though the redrawing 




      




(c) Examples of drawn cups by marform process 
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1.2.2. Heat aided forming                         
 
The heating is widely used to enhance the ductility of material and decrease the drawing 
resistance in deep drawing. It is also useful to change the material properties during the process. The 
deep drawing using heating can be classified as follows; 
(a) Deep drawing using strain induced transformation 
(b) Deep drawing by local heating and cooling 
Kawai et al., developed the deep drawing using strain induced transformation in which the strain 
induced transformation is used to obtain the quite large ductility and strength and improve the 
drawability [1-26]. In this process, the heating medium is applied to the blank near the punch 
shoulder from the nozzle as shown in Fig. 1.10. By controlling the temperature of the blank 
appropriately, the strain induced transformation can be obtained and the drawability can be 
improved. 
The local heating and cooling technique is also used in deep drawing process [1-27]. In this deep 
drawing using the heating and cooling, the blank at flange area is heated to reduce the drawing 
resistance and the blank at punch shoulder and side wall is cooled to enhance the allowable force 
applied to the blank as shown in Fig. 1.11(a). The drawn cup with drawing ratio of 5.0 and aspect 
ratio of 3.l3 can be obtained [1-28]. 
 
 
Fig. 1.10  Schematic of deep drawing using strain induced transformation [1-26]. 
 
     
(a) Schematic of forming principle                   (b) Example of drawn cup 
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1.2.3. Vibration aided forming                       
 
The vibration is useful in deep drawing to enhance the material flow and improve the tribological 
behavior. This method can be classified as follows; 
(a) Deep drawing using ultra sonic vibration 
(b) Deep drawing with hydraulic pressure and tool vibration 
Jimma et al., developed the deep drawing using ultra sonic vibration as shown in Fig. 1.12 [1-29, 
30]. The ultra sonic vibration can restrict the wrinkling because the blank holder pressure in 
thickness direction becomes large. It also can improve the material flow because the blank at flange 
area is subjected to the large compression and flows in the meridional direction. In addition, the 
delayed fracture can be prevented due to the decrease of residual stress. 
Kataoka et al., developed the deep drawing with hydraulic pressure and tool vibration as shown 
in Fig. 1.13 [1-31]. The limiting drawing ratio (LDR) of 2.1 can be achieved using all of the 
hydraulic pressure, ultrasonic vibration of die and mechanical vibration of punch, although the LDR 
is less than 1.8 when only the hydraulic pressure is used as shown in Fig. 1.14. It is because the 
vibrations of punch and die under hydraulic pressure can make a gap between the blank and tools 




           
(a) Schematic of forming principle                (b) Example of drawn cup 






























   
(a) Drawing condition                             (b) Result 
Fig. 1.14  Effects of hydraulic pressure, ultrasonic vibration of die and mechanical vibration of 
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1.2.4. Material flow control techniques                   
 
In the deep drawing using material flow control, the blank is not deformed by traction of punch, 
but by the material flow at flange area. This method can significantly improve the drawability. This 
method can be classified as follows; 
(a) Friction aided deep drawing using rubber 
(b) Friction aided deep drawing using tapered blank holder divided into several segments 
(c) Deep drawing using flange pressing 
The friction aided deep drawing using rubber shown in Fig. 1.15(a) was developed to realize the 
punchless deep drawing [1-32, 33]. This forming method does not use the punch to deform the blank, 
but uses the rubber ring to enhance the material flow. By continuing the cycle several times, the cup 
with drawing ratio of 3.42 and aspect ratio of 2.4 can be obtained as shown in Fig. 1.15(b) [1-34]. 
The quite long cup with the drawing ratio of 12 and aspect ratio of 14 also can be fabricated by 
continuing the cycle more than 150 times. 
Hassan et al., uses a tapered blank holder divided into four segments in friction aided deep 
drawing as shown in Fig. 1.16(a) [1-35]. It consists of the stationary base and four movable 
segments that have similar planes of slightly taper angle of 5°, the movable segments can slide 
radially under a constant speed over the tapered surfaces of the stationary base. By moving the 
drawing segments repeatedly, the friction force in the meridional direction occurs between the blank 
and tools and it enhances the material flow into the die cavity. Thus, the blank is deformed by the 
movable segments and the cup with the drawing ratio of 3.67 and aspect ratio of 2.1 can be obtained 
as shown in Fig. 1.16(b). 
Iizuka uses the flange pressing by the solid punch to improve the durability of rubber method and 
nonuniform material flow in movable segments method [1-36]. In this method, the blank is pressed 
by the solid punch and the ironing and drawing are induced by stretch and shrink flange deformation 
as shown in Fig. 1.17(a). Thus, the long drawn cup with the aspect ratio of 18 (Fig. 1.17(b)) and 
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(a) Schematic of forming principle             (b) Examples of drawn cups 
Fig. 1.15  Friction aided deep drawing using rubber [1-34]. 
 
     
(a) Schematic of forming principle                    (b) Example of drawn cup 
Fig. 1.16  Friction aided deep drawing using divided tapered blank holder [1-35]. 
 
  
(a) Schematic of forming principle               (b) Example of drawn cup 
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1.2.5. Process control techniques                     
 
Manabe et al., developed the variable control methods for blank holder force and punch speed in 
deep drawing [1-37, 38]. In this method, the blank holder force is changed and controlled during 
deep drawing process to avoid the fracture and wrinkle limit as shown in Fig. 1.18 [1-39]. This 
method can improve the LDR by optimizing the process control path as shown in Fig. 1.19. 
Furthermore, the uniform thickness distribution can be obtained. In addition, the variable blank 
holder force control using segment blank holder was developed by Yagami et al., [1-40]. The blank 
holder is divided into several segments and the blank holder force of each segments are optimized 
during the process as shown in Fig. 1.20. This technique is useful for the deep drawing of 
non-asymmetric components and realizes the appropriate material flow.  
On the other hand, in the punch speed control, the punch speed is controlled and changed during 
the process to reduce the forming time and enhance the forming limit for the strain rate sensitive 
material as shown in Fig. 1.21 [1-38]. This technique also can achieve the improvement of forming 
limit as shown in Fig. 1.22. 
 
 
Fig. 1.18  Concept of variable blank holding force in deep drawing [1-39]. 
 
 
Fig. 1.19  Comparison of LDRs for various blank holding methods [1-37]. 
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Fig. 1.20  Schematic of segmented blank holder [1-40]. 
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1.2.6. Utilization of unique tooling                     
 
The tapered blank holder in deep drawing [1-41] is used to enhance the material flow as shown 
in Fig. 1.23. The large taper angle of blank holder can improve the LDR as shown in Fig. 1.24. It is 
effectively improved even only by the small taper angel. It is because the tapered blank holder can 
restrict the wrinkling in quite small blank holder force. Thus, the tapered blank holder can easily 









Fig. 1.24  Effect of inclination of blank holder surface on fracture or wrinkle limit in deep drawing 
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1.2.7. Incremental forming                     
 
The incremental forming [1-42, 43] is generally known as the forming method using the single 
point tool as shown in Fig. 1.25. This method can be classified as follows; 
(a) Single point incremental forming 
(b) Incremental forming using single point rotated tool 
(c) Revers bulging method 
In this forming method, the single point tool is in the continuous contact with the sheet metal and 
is moved under the computer numerical control (CNC) in three dimensional space. From the 
appropriate control of forming tool, the flexible shape can be fabricated without the die as shown in 
Fig. 1.26. Although its productivity is not high enough, it can save the cost of die and can apply any 
complex shape components. Furthermore, by the strain allocation as shown in Fig. 1.27, the high 
deformability, high forming limit and uniform thickness distribution can be obtained. This principle 
is called the strain allocation [1-44]. As mentioned above, the incremental forming is a high-mix and 
low volume forming technique. 
 
 
    
(a) Single point incremental forming       (b) Single point rotate tool 
 
 
(c) Revers bulging method 















Initial state During forming
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Fig. 1.27  Mechanism of improving ductility by strain allocation  [1-44]. 
 
  
(b) Strain allocation near point A
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1.2.8. Characterization of each macro sheet forming            
 
The characterization and advantages for each forming technique can be summarized in Table 1.2. 
The sheet hydroforming has a high superiority for improving the forming limit, shape accuracy, and 
applying the dieless and complex shape. Additionally, the friction aided and incremental forming 
also have these advantages. The forming limit, complex shape, shape accuracy and dieless or punch 
less are important factor for miniaturization due to the low formability and accuracy, difficulty of 
handling and limitation of tooling miniaturization in micro forming as explained in Section 2. It 
seems that these forming techniques have a high feasibility to solve the problems in micro scale. 
On the other hand, the productivity is also important factor and should be considered to respond 
the high volume production. Fig. 1.28 shows the effectiveness of each forming technique for 
improving forming limit and decreasing the number of processes. The friction aided deep drawing 
can fabricate the quite long product; however, it needs a number of processes and its productivity is 
low. On the other hand, heat aided deep drawing, rubber forming and sheet hydroforming have a 
good productivity, although its feasible aspect ratio is lower than the friction aided deep drawing. 
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Fig. 1.28  Effectiveness of each forming technique for improving forming limit and decreasing the 
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1.3. Problems and Size Effects in Micro Forming          
 
With scaling down to micro scale, some unexpected behaviors are resulted in the processing 
parameters, the processing or testing results. These problems cause that the conventional macro 
forming cannot be simply scaled down to micro scale. Size effects are known as unique 
characteristics with miniaturization. It can be categorized by density, shape and microstructure as 
shown in Fig. 1.29 [1-45]. 
The density of defects decreases with decreasing the target size. The point defects (e. g. small 
pores), line defects (e. g. dislocation lines) and interface areas (e. g. grain boundaries) normally exist 
in the material; however, these defects disappear when the material size is scaled down to certain 
size. It causes the scale dependence of the scatter of results and material strength. 
The relative dimensions among line, area, and volume are changed with scaling down. With 
decreasing the target size, the ratios of the surface area and volume to the sample size decrease 
because the surface area of a part is proportional to the third power of its size r
3
 and the surface goes 
with the second power r
2
. When the sample size becomes 1/10, the surface area and volume becomes 
1/100 and 1/1000, respectively. Therefore, the surface effects (e. g. surface tension) are stronger than 
the volume effects (e. g. inertia) in micro scale. 
The microstructure does not change when the target size decreases. For example, the surface 
roughness and grain size depends on the material properties itself and does not change when the 
sample size decreases. The ratio of this microstructure to sample size relatively increases. It causes 




Fig. 1.29  Categories for size effects. [1-45]  
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1.3.1. Size effects on material properties                  
 
The material properties have scale dependences because the microstructure in the material, such 
as grain size and surface roughness, does not change although its specimen size decreases. It 
significantly influences the formability and quality in micro forming. In this section, the size effects 
of grain size and surface roughness on material properties are introduced and the material properties 
in micro scale are described. 
 
(1) Grain size 
The ratio of thickness to grain size is an important parameter to describe the material flow in 
micro scale. This ratio decreases with scaling down because the grain size does not change with 
decreasing the thickness. Previous research focused on this ratio to investigate the grain size effect 
on material properties. Lai et al., conducted the tensile test using CuNi18Zn20 with grain size of 
40μm and thicknesses of 0.1, 0.5 and 1.0mm [1-46]. They revealed that the flow stress decreases 
with the decrease of the specimen size as shown in Fig. 1.30. The similar behavior was reported by 
Fu et al., as shown in Fig. 1.31 [1-47]. They conducted the tensile test using pure copper with 
different grain sizes and thicknesses and clarified that the flow stress and ductility decreases with 
deceasing the ratio of specimen size to grain size. This behavior is explained by so called surface 
layer model as shown in Fig 1.32 [1-48]. The moving dislocations pile up at grain boundary, but 
cannot pile up in the surface grains during the deformation. Therefore, the grain size located on the 
surface shows the less hardening and causes the low flow stress in metal foil. 
 
 
Fig. 1.30  Flow stress curves of CuNi18Zn20 for different values of the length scale [1-46]. 
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(a) Overall view                             (b) Enlarged view 
Fig. 1.31  Experimental results of tensile tests for different ratios of thickness to grain size 
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(2) Surface roughness 
Oh the other hand, Furushima et al., reported that the free surface roughening behavior also 
influences the ductile fracture of metal foil [1-49]. They conducted the tensile test using pure copper 
foil with thicknesses of 0.05, 0.1, 0.3 and 0.5mm. It was clarified that the fracture strain does not 
only depend on the thickness itself as shown in Fig. 1.33(a), but also depends on the ratio of increase 
in surface roughness as shown in Fig. 1.33(b). They implied that the local deformation is caused by 
free surface roughening and it leads the fracture in micro scale with the large ratio of surface 




(a) Effect of thickness             (b) Effect of rate of increase in ratio of surface 
roughness to thickness 
Fig. 1.33  Effect of thickness and rate of increase in ratio of surface roughness to thickness on 
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1.3.2. Size effect on variation and scatter                  
 
The miniaturization of target size also influences the geometrical accuracy and scatter of formed 
parts. The bending test for different grain sizes and thicknesses shows that the maximum bending 
force decreases as the thickness decreases in the case of fine grain, but it increases in the case of 
coarse grain as shown in Fig. 1.34 [1-50]. When only single grain exists along the thickness, the 
yield strength increases although it increases when the ratio of thickness to grain size is over 1. It 
means that the characteristic for each grain dominants the material behavior. Therefore, the strain 
distribution for coarse grained material becomes inhomogeneous as shown in Fig. 1.35. Thus, the 
scatter of bending force increases with decreasing the ratio of thickness to grain size as shown in Fig. 
1.34.  
The springback angle, which is an important parameter for the accuracy of formed parts, is also 
affected by this ratio. The springback angle increases as the ratio of thickness to grain size decreases 
as shown in Fig. 1.36 [1-51]. Particularly, it exceeds 20 degree at the thickness of 0.1mm although it 
is under 5 degree in thickness of 0.6mm. It can be said that the springback is one of significant 
problems for the product accuracy in micro forming. 
 
 
(a) On bending forces                 (b) On yield strength 










     
(a) Fine grained material                       (b) Coarse grained material 
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1.3.3. Size effect on friction                       
 
The tribological behavior depends on the several parameters, such as the, the contact state 
between the material and tools, the contact pressure, the lubricant condition and the surface 
topography. Particularly, the surface topography plays an important role for the friction and its 
microstructure does not change as the sample size decreases. Accordingly, the size effect on friction 
occurs and many researchers investigated it in micro forming. In this subsection, the previous studies 
about size effect on friction and its friction model and lubricant pockets model, are introduced. 
 
(1) Scale dependence in lubricated friction 
The size effect in friction is generally explained that the friction increases with miniaturization. 
One of representative reports of size effect on friction in micro bulk forming is the 
double-cup-extrusion test [1-52]. The upper punch moves down and causes the material to form two 
cups with the lower and upper cup heights. In the theoretical case of no friction, both of cups have 
the same height, whereas the higher friction prevents the deformation of the lower cup as shown in 
Fig. 1.37. Therefore, the ratio of upper cup height to lower cup height can evaluate the friction. The 
experiment and FE results of the double-cup-extrusion show that the cup height ratio increases with 
miniaturization as shown in Fig. 1.38. It means that the friction increases distinctly with decreasing 












(a)Schematic of friction dependent material flow       (b) Specimens with different diameters 
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The same behavior was reported in micro sheet forming by Vollertsen et al., [1-53]. Under the 
blank holder force, the strip is drawn by a punch into the die, whereby the punch force is measured 
as shown in Fig. 1.39. The punch force consists of bending force at the die shoulder and friction 
force at flange area. Because the bending force for certain work piece and certain die shoulder radius 
can be theoretically calculated, the share of the friction force can be determined. The experimental 
result shows that the friction coefficient decreases as the specimen dimensions decrease as shown in 





(a) Principle of strip drawing test          (b)Specimens with different specimen sizes 
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(2) Lubricant pocket model 
The size effect on friction can be explained by open lubricant pockets (OLPs). In this area, the 
roughness valleys connect with the edge of surface and cannot keep the lubricant as shown in Fig. 
1.41. When the specimen size decreases, the contact area is reduced significantly while the size of 
single topography feature remains approximately constant. Therefore, the fraction of OLPs increases 
drastically in micro scale as shown in Fig. 1.42. It leads the increase of contact between the material 
and tool and the increase of friction. 
To model this behavior, Engel developed the mechanical-rheological model distinguishing 
between open and closed lubricant pockets (CLPs), both being influenced by scaling [1-52]. In this 
model, considered the fractions of OLPs, CLPs and real contact area (RCA), the normal pressure 
acting on the total surface under lubrication condition 𝑝𝑡𝑜𝑡𝑎𝑙 is led. It can be expressed by; 
          𝑝𝑡𝑜𝑡𝑎𝑙 = 𝑝𝑑𝑟𝑦 + (1 −
1 − 𝛼𝑅𝐶
𝜆
) 𝑝𝐶𝐿            (1.1) 
where 𝑝𝑑𝑟𝑦 is the normal pressure at RCA under dry friction, 𝑝𝐶𝐿 is the hydrostatic pressure 
reduced by the enclosed lubricant in the CLPs, 𝛼𝑅𝐶 is the fraction of RCA, and 𝜆 is the scale 
factor. With some assumptions for the relative parameters, this mechanical-rheological model can 
















(a) At conventional length scale                            (b) At micro scale 




Fig. 1.43  Effect of scaling factor 𝜆 on 𝑝 and 𝜎𝑛
0 normalized to 𝜎𝑛 (a), on 𝛼𝑟, 𝛼𝑐 and 𝛼𝑜 
(b), and on 𝑚, 𝑓 and 𝛼𝑟 (c) [1-52].  
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Peng et al., proposed the friction model based on the OLPs and CLPs considering a function of 
RAC and normal press  𝑝𝑡𝑜𝑡𝑎𝑙 𝜎𝑦⁄  by introducing size/scale factor 𝜆 [1-55]. They considered the 
flattening behavior under dry friction and lubricant to describe the tribological behavior in OLPs 
and CLPs as shown in Fig. 1.44. Based on this model, the hydrostatic pressure reduced by enclosed 
lubricant in CLPs can be calculated. They also applied this model to the ring compression test in 
FEM and observed that the influence of friction size effects to the ring compression process as 
shown in Fig. 1.45. 
 
             
(a) Initial contact surface without lubricant        (b) Initial contact surface with lubricant 
 
          
(c) Current contact surface without lubricant       (d) Current contact surface with lubricant 
Fig. 1.44  Deformation of material in microscopic view [1-55]. 
 
 
Fig. 1.45  Ring parts after compression and radial displacements in various scales [1-55].  
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1.3.4. Effect of features size                       
 
As mentioned in Section 2.1, the ratio of specimen size to gain size decreases as the specimen 
size decreases and significantly influences the material properties. This effect on material behavior 
can be divided by two different types of size effects. One is grain size effects in which the grain size 
increases while the feature/specimen size is kept constant as shown in Fig. 1.46(a) [1-56]. The other 
is feature/specimen size effects in which the feature/specimen size decreases while the grain size is 
kept constant as shown in Fig. 1.46(b). Thus, the feature size effect occurs and affects the material 
behavior when the feature or specimen size itself decreases. Most of literatures about grain size 
effects explained in Section 2.1 are not purely mentioned about the grain size effect, but are 
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This feature size effect is not only affected by the specimen size itself, but also affected by the 
ratio of tooling dimension to specimen size. Mahabunphachai et al., investigated the feature size 
effect on flow stress under micro hydraulic bulge testing (Fig. 1.47) using the stainless steel foil 
[1-57]. The different grain sizes of 9.3, 10.6 and 17μm and different bulge diameters of 2.5, 5.0, 10, 
20 and 100mm were used under the constant thickness of 51μm to change the grain size and feature 
size parameters. For the grain size effect, the flow stress continuously decreases with decreasing the 
grain size at the high strain level as shown in Fig. 1.48(a). On the other hand, the feature size effect 
on flow stress is shown to have a critical point in which the material behavior is changed as shown in 
Fig. 1.48(b).  
 
     
(a) Schematic of hydraulic bulge test        (b) Die sets with different bulge diameters 
Fig. 1.47  Micro hydraulic bulge test [1-57]. 
 
 
(a) Grain size effect                 (b) Feature size effect 
Fig. 1.48  Grain size effect and feature size effect on flow stress at two strain levels in micro 
hydrostatic bulge test [1-57].  
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The feature size effect was investigated not only in material testing, but also in the micro 
forming process. Gao et al., conducted the roll-to-plate micro/meso-imprinting as shown in Fig. 1.49 
[1-58]. The feature height decreases and the rolling force increases with decreasing the groove width 
as shown in Fig. 1.50. It means that the material flow deteriorates and flow stress increases as the 




          
(a) Schematic of micro/meso-imprinting process       (b) Die set with different groove width 




    
(a) Feature height                           (b) Rolling force 
Fig. 1.50  Effect of groove width and grain size on feature height and rolling force in 
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The hydraulic and dynamic pressure forming for micro channel shown in Fig. 1.51 were 
conducted [1-59, 60]. The normalized forming depth decreases as the feature size decreases and has 
a certain point to change its behavior as shown in Fig. 1.52. In addition, the surface roughness for all 
grain sized specimens has a tendency to increase with the feature size of micro channel and the 
tendency becomes more apparent for the coarse grained specimen. At large groove width, the surface 
roughness for coarse grain is higher than that for fined grain; however, it becomes opposite in the 
case of small groove width. This may be attributed to the combined effect of plastic strain and strain 









    
(a) On normalized channel depth                  (b) On surface roughness 
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The micro deep drawing (MDD) for various feature size shown in Fig. 1.53 was also conducted 
and its feature size effect was clarified [1-61, 62]. Saotome et al., revealed that the calculation results 
has a good agreement with experimental results in large tooling feature size, but have a big 
difference in small tooling feature size as shown in Fig. 1.54. The calculation results do not consider 
the bending effect. Therefore, this difference between the calculation and experimental results shows 
that the bending deformation is significant and dominant in MDD. 
Thus, the material flow and flow stress not only depends on the grain size, but also the tooling 
feature size. The ratio of tooling feature size to the specimen size and grain size is also the important 








Fig. 1.54  Difference between the experimental and calculation results for punch force for various 
tooling conditions in MDD [1-62].  
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1.3.5. Effect of range of the process window                
 
As mentioned above, the several size effects occur in micro scale and they deteriorate the 
material properties, material flow, tribological behavior and forming accuracy. These problems cause 
the decrease of forming limit in micro forming. 
Saotome et al., conducted the MDD using SPCE with thickness of 0.05, 0.1, 0.2, 1.0mm, and 
various tooling condition [1-62]. The limit drawing ratio (LDR) increases as the punch diameter 
decreases as shown in Fig. 1.55. It means that the drawability increases with scaling down to micro 
scale with the relative punch diameter to thickness 𝐷𝑝 𝑡⁄ . The effect of blank holder pressure was 
clearly recognized above 𝐷𝑝 𝑡⁄  of 40 and as 𝐷𝑝 𝑡⁄  increases. The effect of die shoulder radius on 
drawability is seen clearly below 𝐷𝑝 𝑡⁄  of 15. Thus, LDR also can be improved by the blank holder 
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Vollertsen et al., investigated the effect of size scale, blank holder force, and punch force 
speed on LDR in MDD using Al99.5 pure aluminum with 0.02mm to 1.0mm thickness [1-63, 
64]. The LDR in MDD is significantly smaller than that in milli scale deep drawing as shown 
in Fig. 1.56. It is because the fracture limit is shifted downward with scaling down. The 
increase of punch speed can improve the fracture limit and the process window in MDD as 
shown in Fig. 1.57. It is because the increase of punch speed can decrease the friction 
coefficient by hydrodynamic lubrication. However, the LDR cannot increase by increasing 









(b) Micro scale (𝑡 =0.02mm，𝐷𝑝 =1mm) 
Fig. 1.56  Process windows of deep drawing at different scales [1-63]. 
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Chen et al., investigated the grain size effect on LDR in MDD using annealed stainless steel with 
0.02mm and 0.05mm thickness [1-65]. The LDR increases with the decreases of the ratio of 
thickness to grain size except 0.02mm thickness as shown in Fig. 1.58. The thicker foils have higher 
LDR among the foils with the same the ratio of thickness to grain size. The similar tendency for the 
effect of grain size on LDR was also observed in MDD using ultra fined grained copper made by the 




Fig. 1.58  Limit drawing ratio for various ratios of thickness to grain size using annealed stainless 




Fig. 1.59  Limit drawing ratio for various ratios of thickness to grains using ultra fine grained 
copper made by ECAP (closed symbols: experimental results, open symbols: FEM 
results) [1-66].  
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1.3.6. Problems in tools and machines                   
 
In order to design a press macro forming tools and machines, the number of processes required 
to form components is determined and the processes are designed. Then, the tools, press machines, 
and transfer device required to perform the processes are prepared. However, there are design issues 
unique to micro forming that must be overcome before the processes can be designed. In general, 
compared with the conventional macro forming, much higher accuracy is required for transfer, 
positioning, force and stroke position controls. If a machine satisfying these advanced control 
requirements is designed using the conventional design concept of macro forming, the apparatus 
becomes large and costly, hindering the achievement of the saving of energy, space, and resources, 
which should be realized with micro factories. Therefore, these difficulties in micro scale should be 




As the target size becomes 1/1000, the required precision for the micro forming apparatus also 
becomes 1/1000. It means that the high precision is required for tool. Particularly, it is difficult to 
make the shoulder area or inside of die. To fabricate the micro components, these difficulties about 
tool accuracy should be considered. 
 
＜Limitation of tooling size miniaturization＞ 
There is a limit for the minimum size of tools due to the difficulties to manufacture the tools. In 
addition, the strength of tools decreases with scaling down to micro scale and the tiny tools are easily 
broken. The minimum size based on not only manufacturability but also durability of tools should be 
considered to fabricate the tools. 
 
＜Handling＞ 
The high accuracy is also required for the transfer, force, and position controls. To achieve the 
required accuracy using the conventional equipment, the large and expensive equipment is required. 
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1.4. Micro Sheet Forming for High Aspect Ratio Products     
 
As mentioned in Section 2, the techniques for high aspect ratio products, such as pressure, heat 
and incremental control methods, can effectively improve the forming limit and quality of 
components. It is expected that these techniques can achieve the high aspect ratio. However, when 
the targets size is scale down to micro scale, the problems in process, tools and machines occur as 
mentioned in Section 3. These difficulties in micro forming should be overcome to develop the 
micro sheet forming for high aspect ratio. In this section, the previous micro/milli sheet forming 
using these techniques is reviewed to highlight the problem of conventional forming method. 
Thereafter, the approach to achieve the further improvement of forming limit, quality and 
miniaturization is proposed. 
 
1.4.1. Conventional micro deep drawing for high aspect ratio cups     
 
Previously, the pressure, heating, multi stage and coating techniques were applied into the micro 
deep drawing (MDD). Manabe et al., conducted a micro redrawing process using stainless steel with 
0.023mm thickness [1-67]. They can successfully fabricate the micro cup with diameter of 0.45 and 
aspect ratio of 1.1. 
Vollertsen et al., developed the laser micro deep drawing in which the laser induces the shock 
waves and it uses to deform the blank [1-68]. Using the aluminum foil with 0.05mm thickness, the 
micro cup with the diameter of 4.0mm and aspect ratio of aspect ratio of 0.39 was fabricated. Irthiea 
et al., [1-69] developed the micro deep drawing using flexible tools in which the rubber material is 
put in die cavity to generate the pressure and induce the several effects as mentioned in Section 3.1. 
The micro cup with the diameter of 4.0mm and aspect ratio of 1.25 can be successfully drawn.  
Yang et al., developed the heat assisted micro deep drawing using electrical heating [1-70]. They 
successfully fabricated the micro cup with the diameter of 1mm and aspect ratio of 0.57. 
Furthermore, some coating techniques were applied in micro sheet forming to improve the 
tribological behavior in micro scale. Hu et al., applied the diamond like carbon (DLC) films on the 
die to improve the tribological behavior in MDD under dry friction [1-71]. It was found that the 
DLC film can reduce the friction force even in micro scale, and the micro cup with the diameter of 
1mm, aspect ratio of 0.5. Shimizu et al., applied the high power impulse magnetron sputtering 
(HIPIMS) to deposit the TiAlN films on the die for MDD, which can make the coating file with fine 
smooth surface and high hardness properties [1-72]. In addition, they also applied the micro 
texturing of DLC film coating in MDD to improve the tribological characteristics under dry sliding 
friction [1-73]. 
These micro sheet forming for techniques for high aspect ratio products and drawn micro cups 
  
Introduction 
- 47 - 
 
 01 





Fig. 1.60  Micro sheet forming for high aspect ratio products and appearance of drawn micro cups. 
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1.4.2. Micro incremental forming                      
 
The incremental forming is scaled down to micro scale by Saotome et al. [1-74]. They developed 
single point micro incremental hammering and fabricate the tiny car body with the length of 0.6mm, 
wide of 0.4mm and height of 0.1nn as shown in Fig. 1.61. Obikawa et al. developed a micro 
incremental forming by single point tool and successfully fabricate deeper tiny car body [1-75]. 
Kuboki et al. developed a micro incremental in-plan bending and conducted the in-plan bending for 
metal foil with thickness of 0.1mm [1-76]. Thus, the micro incremental forming was developed and 
applied to the complex shape components; however, it cannot apply the deep micro component due 
to the low ductility of metal foil. Furthermore, the shape accuracy and productivity is quite low with 





Fig. 1.61  Micro incremental forming and its applications.  
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1.4.3. Difficulties and possibility of micro sheet forming for high aspect 
ratio products                               
 
Fig. 1.62 shows the comparison of aspect ratios between macro and micro sheet forming. When 
the target size decreases, the aspect ratio of most of sheet forming, such as heat aided deep drawing, 
multi steps deep drawing and pressure aided deep drawing, decreases. It is because the size effect 
causes the decrease of forming limit as mentioned in Section 3.5. It seems that the single technique 
alone cannot achieve the high aspect ratio in micro scale. On the other hand, the fiction aided deep 
drawing which is one of incremental forming technique can achieve the quite high aspect ratio in 
macro scale. It is expected that this technique can achieve the quite high forming limit and fabricate 
the micro cup with the high aspect ratio because the material is not deformed by the traction of 
punch, but deformed by the material flow without the applied force to the material. However, this 
forming method cannot be simply applied to micro scale. The complex tooling structure used in 
punchless forming cannot be scaled down to micro scale due to the limitation of space in tool sets 
and the difficulty to fabricate the complex tools. Moreover, the large contact pressure and friction 
between the material and tools easily results the seizure and adhesion especially in micro scale in 
which the lubricant cannot be kept. 
The miniaturization, complex shape and high shape accuracy are also important factor for micro 
forming. The dieless forming, such as incremental forming using the single point tool, sheet 
hydroforming, does not use the tiny and complex shape die, which is difficult to manufacture, to 
fabricate the workpiece. Therefore, these techniques are useful to achieve the miniaturization and 
fabricate the complex shape components. Furthermore, the sheet hydroforming technique can 
achieve the high shape accuracy by the fluid pressure. As mentioned above, the sheet hydroforming 
technique is effective to solve the problem in tools and achieve the miniaturization, complex shape 
and high shape accuracy. However, this technique alone cannot achieve the high aspect ratio as 
shown in Fig. 1.62. 
Thus, due to some difficulties in micro forming, the potential of each technique cannot be 
brought out. In addition, due to the deterioration of material properties and tribological 
characteristics in micro scale, it seems that the utilization of single technique alone cannot solve the 
problems in micro scale. A new concept for micro sheet forming is required to achieve the further 
improvement of forming limit, the further miniaturization of target size, and fabricate the complex 
shape components with high accuracy. 
From these discussions, the micro sheet hydroforming and micro incremental forming are 
focused in this study. The micro sheet hydroforming has some advantages of high shape accuracy, 
shape complication and friction reduction. These can effectively solve the problem in tools and 
tribology in micro incremental forming, such as friction aided deep drawing. On the other hand, the 
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micro incremental forming can significantly improve the forming limit due to the material flow and 
local deformation. It is possible to achieve the high aspect ratio in micro scale. Thus, the 
combination of micro sheet hydroforming and micro incremental forming effectively solves the 
problems in micro scale and achieve the high aspect ratio. So, a novel forming technique, micro 
incremental sheet hydroforming, is proposed. The concept of MUDD can be summarized in Fig. 
1.63. 
In this study, particularly, the deep drawing process is focused and a micro ultra deep drawing 
(MUDD) process using the ultra high pressure and incremental controls of tools and pressure is 
developed. This process is developed on the basis of micro hydromechanical deep drawing (MHDD) 
which is a scaled down technique of macro hydromechanical deep drawing. Based on MHDD, the 
incremental control techniques, such as the press motion control, pressure control and local 
deformation, are combined. Thus, the micro ultra deep drawing for the high aspect ratio and high 
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1.5. Motivation and Objectives                    
 
The forming limit, shape complication, high precision, and miniaturization for micro components 
are important factors to realize the multifunctional, compact, and highly integrated devices. The 
scaled down technologies of conventional metal forming is applied to achieve these due to its 
process simplicity, high production capability and low cost. However, due to several problems in 
micro scale, such as size effects, process and machine difficulties, the conventional metal forming 
cannot be simply scaled down to micro scale. In micro scale, it is difficult to fabricate the tiny and 
complex shape tools and the required accuracy significantly increases; hence, the miniaturization of 
target size with high accuracy is difficult to achieve. Moreover, with scaling down, the delamination 
of ductility, strength and material and the increase of friction are resulted in due to the grain, 
tribological, and feature size effects. Therefore, the forming limit significantly decreases and the 
miniaturization and fabrication of complex shape component cannot be achieved. 
Several techniques are developed to improve the forming limit, flexibility and quality in macro 
sheet forming, such as pressure, heating, vibration, material flow control, process control, and 
incremental formings. These forming methods can realize the decrease of applied force to material, 
the increase of allowance applied force, the improvement of tribological behavior, and the high 
flexibility for three dimensional complex components. Particularly, the sheet hydroforming has 
several functions to improve the tribological behavior and forming limit, and fabricate the complex 
components with high accuracy. In addition, the incremental forming, such as the friction aided deep 
drawing, can achieve the quite high aspect ratio by the material flow control and local deformation. 
If these forming techniques are applied to the micro scale, it is expected that the high aspect ratio, 
shape accuracy, and shape complication can be achieved. However, the micro sheet hydroforming 
cannot achieve the high aspect ratio because the size effect causes the decrease of forming limit. 
Furthermore, one of incremental forming technique, friction aided deep drawing, cannot be simply 
scaled down due to the limitation of tools and tribological problem. Therefore, it is difficult to 
achieve the high aspect ratio, high shape accuracy and shape complication using conventional micro 
sheet forming. 
From this background, a novel forming method, micro incremental sheet hydroforming is 
proposed in this study. In this method, the micro sheet hydroforming and micro incremental forming 
are combined to solve the problems in each technique and enhance each advantage. In this study, the 
deep drawing process in micro incremental sheet hydroforming is focused and a micro ultra deep 
drawing is newly developed by combing the incremental forming technique based on the micro 
hydromechanical deep drawing (MHDD). However, MHDD process has not been studied previously. 
Furthermore, its basic drawing characteristics may be different from the conventional macro 
hydromechanical deep drawing due to the size effects. Particularly, the tribological behavior and the 
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basic drawing characteristic under the fluid pressure in MHDD may be different from conventional 
macro hydromechanical deep drawing due to several size effects. 
According to the strategy shown in Fig. 1.64, the main research tasks are shown below; 
 
1. Design of micro hydromechanical deep drawing based on scale dependence 
2. Development of micro hydromechanical deep drawing system and its basic drawing 
characteristics 
3. Process design of micro ultra deep drawing using ultra high pressure and incremental control 
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1.6. Outline of Thesis                         
 
This thesis consists of six chapters. The contraction of this thesis is shown in Fig. 1.63. Brief 
explanations for each chapter are drawn as follows. 
Chapter 1 introduces the background of micro sheet forming, its difficulties and size effect. 
Several techniques in macro sheet forming are also reviewed to analyze the effective forming 
technique or combination for micro sheet forming. Consequently, the challenge and approach in this 
study is stated. 
Chapter 2 designs the MHDD process based on the scale dependence, such as tribological size 
effect and tooling feature size. The theoretical model for punch force, friction holding effect, 
hydrodynamic lubrication effect and compression effect of blank edge by radial pressure, and a new 
friction model for MHDD are developed with considering the fluid pressure and OLPs. The effect of 
relative tooling feature size on deformation behavior in MHDD is investigated not only using the 
theoretical model but also using finite element method (FEM) simulation which can consider the 
blank deformation. The relative punch diameter to thickness 𝐷𝑝 𝑡⁄  represents the relative tooling 
feature size and set up at 𝐷𝑝 𝑡⁄ =20, 38 and 100. The results show the application of counter pressure 
can improve the shape accuracy and drawability due to the decrease of maximum meridional stress 
by friction holding effect. However, the required fluid pressure for friction holding and 
hydrodynamic lubrication effects 𝑝𝑓 and 𝑝ℎ increases as 𝐷𝑝 𝑡⁄  and 𝑟𝑝 𝑡⁄  decreases, respectively. 
It was clarified that the application of ultra high pressure 𝑝 ≥100MPa, the small punch shoulder 
radius, and the large die shoulder radius are required to obtain these effects to improve the 
drawability and shape accuracy in MHDD. On the other hand, the lubrication in OLPs under fluid 
pressure is also investigated in MHDD. It is experimentally clarified that the fluid medium can be 
maintained in OLPs. Based on this behavior, it is theoretically revealed that the application of radial 
pressure can effectively reduce the friction force in micro scale. It is concluded that the ultra high 
pressure and radial pressure can improve the tribological behavior by inducing the hydrodynamic 
lubrication and the lubricated OLPs. 
Chapter 3 presents the development of micro hydromechanical deep drawing (MHDD) system 
based on the design guideline proposed in Chapter 2. Design concepts for new MHDD are proposed 
to realize the simple apparatus with high accuracy. In addition, the basic effect of fluid pressure on 
deformation behavior in MHDD is investigated using the stainless steel, phosphor bronze, and pure 
titanium foils with 20 and 50μm thicknesses. As results, the shape accuracy, the wrinkling and 
fracture limit can be improved by applying the appropriate counter pressure in MHDD. However, the 
hydrodynamic lubrication cannot be induced in MHDD due to the high sealablity at die shoulder 
under high relative tooling feature size. It causes the increase of friction force with increasing the 
fluid pressure and the fracture at punch shoulder at high fluid pressure. Therefore, it was clarified 
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that the fluid pressure is effective to improve the winkling limit and shape accuracy in MHDD; 
however, the advantages of ultra high fluid pressure cannot be obtained and the quite high aspect 
ratio cannot be achieved by the simple application of fluid pressure in MHDD. 
Chapter 4 presents the design of new forming process, micro ultra deep drawing (MUDD), using 
FEM simulation to obtain the advantage of ultra high pressure without the fracture and achieve the 
quite high aspect ratio. A new MUDD process has a 2
nd
 punch in inside of 1
st
 punch to perform the 
all of processes at the same axis. MUDD process consists of repeating three stages: (1) making the 
space between the 1
st
 drawing punch and blank by lifting up the 1
st
 punch, (2) applying the ultra high 





and controlling the thickness at flange area by the compression of blank by the 1
st
 punch and die. 
The FEM results show that the micro cup with total drawing ratio of 3.8 can be fabricated in MUDD, 
but cannot be fabricated in conventional micro deep drawing (MDD) and MHDD. It is because the 
application of ultra high pressure toward the space between the 1
st
 punch and blank can control the 
material flow. The contact between the blank and 2
nd
 punch also induces the friction holding effect, 
and it can prevent the thickness reduction at 2
nd
 punch shoulder. The forming conditions to control 
the material flow and deformation area properly are designed. It was found that the thickness 
reduction at 2
nd
 punch shoulder can be avoided by the high friction coefficient, the use of stopper, 
the small 1
st
 punch inner shoulder radius, the proper counter pressure, and the low punch 
displacement. Using the appropriate forming conditions, the long micro cup with drawing ratio of 
7.0 and aspect ratio of 4.6 can be fabricated by FEM. 
Chapter 5 develops a new MUDD system with triple action servo press machine and ultra high 
hydraulic system to realize the proposed MUDD process experimentally. The triple action servo 




 punches independently and incrementally. In 
addition, the ultra high hydraulic system with designed maximum applicable pressure of 400MPa is 
developed. In the performance test, it was clarified that the ultra high pressure of 200MPa can be 





can be controlled independently and incrementally with minimum control amount of 1μm. Using the 
developed the MUDD system, the micro cup with diameter of 0.5mm, aspect ratio of 0.9 and 
drawing ratio of 3.8 can be fabricated. The designed MUDD process by FEM simulation can be 
realized in experiment using the developed MUDD system with triple action press machine and ultra 
high hydraulic system. 
Chapter 6 concludes the contribution and innovation of this study and suggests the remaining 
problems and future works. 
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2.1. Introduction                            
 
In conventional macro hydromechanical deep drawing (HDD), there are the fracture prevention 
effects to improve the forming limit, such as the friction holding effect, the hydrodynamic 
lubrication effect and compression effect of blank edge by radial pressure [2-1]. Furthermore, the 
fluid pressure can improve the shape accuracy. Therefore, to design the process, fluid pressure and 
tooling conditions in macro HDD, these effects and characteristics are considered. However, the 
design guideline of conventional macro HDD cannot be simply applied to micro hydromechanical 
deep drawing (MHDD) because the deformation behavior and the required fluid pressure may 
change due to the size effects. Therefore, the design guideline for MHDD should be established on 
the basis of the scale dependence. 
One of important phenomena in MHDD is the fluid behavior. It can induce hydrodynamic 
lubrication and reduce the friction force significantly [2-2]. The characteristics of fluid behavior in 
the micro scale however, are still not clear. Not only hydrodynamic lubrication but also the boundary 
and mixed lubrications exist during the MHDD process. To analyze these lubrication conditions in 
micro forming, the surface topography, especially the open lubricant pockets (OPLs) and closed 
lubricant pockets (CLPs), must be considered [2-3, 4]. 
In addition, the tooling feature size also significantly influences the material and deformation 
behavior in micro forming as mention in Chapter 1. The ratio of tooling feature size to minimum 
manufacturable thickness becomes small in micro scale because the thinning of manufacturable foil 
thickness is limited with scaling down the target size and shape. It was reported that this relative 
tooling feature size affects the drawability in micro deep drawing and its drawing characteristics are 
close to the deep drawing for thick sheet [2-5, 6]. Thus, the relative tooling feature size may also 
affect the deformation behavior of blank and cause the scale dependences of effects of fluid pressure 
on shape accuracy and forming limit in MHDD. 
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As mentioned above, the effects of fluid behavior, the ratio of the punch diameter to the minimum 
thickness, OPLs and CPLs on tribological behavior and drawing characteristics need to be examined 
in order to establish the design guideline of MHDD. This is the main objective of this section. 
From the above, the basic drawing characteristics and tribological behavior in MHDD are 
investigated based on the relative tooling feature size and tribological size effect and the proper fluid 
pressure, tooling conditions for MHDD process are designed using theory and finite element method 
(FEM). The theoretical model in MHDD and a new friction model for MHDD considering the OLPs 
and CLPs are developed. The finite element method (FEM) is also conducted to evaluate the 
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2.2. Theory of MHDD                          
 
The theoretical model for MHDD was made under the following assumptions:  
 
(1) The thickness of the blank is constant, and then the normal strain in thickness direction is zero as 
shown in Fig. 2.1. 
(2) The distribution of equivalent stress in the flange and die shoulder areas is replaced with 
uniform distribution. 
(3) The blank material is assumed to present the isotropic rigid plasticity. 
 
 
2.2.1. Geometrical description                      
 
From the geometrical relationship based on the above assumptions, the current rim radius 𝑟0 
can be presented by 
          𝑟0 = √𝑅0
2 + 𝑟12 −
𝑉1 + 𝑉2 + 𝑉3 + 𝑉4
π𝑡
                                                                                               (2.1) 
where 𝑉1, 𝑉2, 𝑉3 and 𝑉4 are the volumes in die shoulder, side wall, punch shoulder and punch 
bottom areas, respectively. These can be expressed as follows: 
          𝑉1 = 2π𝑡𝛷 (𝑟𝑑 +
𝑡
2






)                                                                                         (2.2) 
          𝑉2 = π𝑡(𝑟2 + 𝑟3) × √(𝑟2 − 𝑟3)2 + {𝑆 − (𝑟𝑑 + 𝑟𝑝 + 𝑡)(1 − cos 𝛷)}
2
                                         (2.3) 
          𝑉3 = 2π𝑡𝛷 (𝑟𝑝 +
𝑡
2






)                                                                                         (2.4) 
          𝑉4 = π𝑡𝑟4
2                                                                                                                                                      (2.5) 
The contact angle 𝛷 changes as the punch travels and it is geometrically determined. Manabe et 
al. [2-7] derived the contact angle using the punch stroke 𝑆 by assuming the blank shape as the 
straight at clearance between die and punch. It is given by: 
          𝛷 = cos−1
−𝐵 + √𝐵2 − 4𝐴 ∙ 𝐶
2𝐴
                                                                                                              (2.6) 
where the parameters 𝐴, 𝐵 and 𝐶 can be obtained, respectively, as: 
          𝐴 =
(𝑆 − 𝑟𝑝 − 𝑟𝑑)
2
(𝑐 + 𝑟𝑝 + 𝑟𝑑)
2
+ 1                                                                                                                              (2.7) 
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          𝐵 =
2(𝑟𝑝 + 𝑟𝑑)(𝑆 − 𝑟𝑝 − 𝑟𝑑)
(𝑐 + 𝑟𝑝 + 𝑟𝑑)
2
                                                                                                                  (2.8) 
          𝐶 =
(𝑟𝑝 + 𝑟𝑑)
2
(𝑐 + 𝑟𝑝 + 𝑟𝑑)
2
− 1                                                                                                                              (2.9) 
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2.2.2. Constitutive equations                            
 
In the case under consideration, Mises’s equivalent strain is expressed by: 
          𝜀𝑒𝑞 = √
2
3
(𝜀𝜑2 + 𝜀𝜃2)                                                                                                                            (2.10) 
Because of the volume constant (𝜀𝜑 + 𝜀𝜃 = 0), Eq. (2.10) can be rewritten as 
          𝜀𝑒𝑞 =
2
√3
𝜀𝜑                                                                                                                                               (2.11) 
Swift’s law is used for the constitutive equation of the blank material and it is expressed by: 
          𝜎𝑒𝑞 = 𝐾(𝜀𝑒𝑞 + 𝜀0)
𝑛
                                                                                                                                (2.12) 
where 𝜎𝑒𝑞 is the equivalent stress, 𝐾 is the strength coefficient, 𝑛 is the work hardening 
exponent, 𝜀0 is the material constant and 𝜀𝑒𝑞 is the equivalent strain. Kawai [2-8] defined the 
average circumferential stress 𝜀?̅? in the flange and die shoulder areas using an average radius in 
flange area ?̅?(= (𝑟0 + 𝑟2) 2⁄ ) as follows: 








                                                                                                                     (2.13) 
The equation for equivalent strain in this theory is integrated to Mises yield criterion, in which 
Mises and Tresca yield criterions are combined in Kawai’s equations. From Eqs. (2.11) and (2.13), 
the equivalent strain can be expressed as 












2 + {(𝑟0 + 𝑟2) 2⁄ }
2
{(𝑟0 + 𝑟2) 2⁄ }2
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2.2.3. Equilibrium equations                       
 
Fig. 2.2 shows the stress state in flange and die shoulder areas. The theory for the deep drawing 
of a circular cup can be derived as an axisymmetric model. By assuming the membrane stress state, 
the force equilibrium relation in meridional direction in flange area can be expressed as 









= 0                                                                                                          (2.15) 
where 𝜇 is the friction coefficient, 𝑞 is the blank holder pressure caused by constant gap in 
MDD ( 𝑝𝑐 = 0MPa), 𝑝𝑐  is the counter pressure and 𝜎𝜑  and 𝜎𝜃  are the meridional and 
circumferential stresses, respectively. Any plane strain yield criterion for isotropic incompressible 
material can be written as 𝜎𝜑 − 𝜎𝜃 = 𝑎𝜎𝑒𝑞. In particular, 𝑎 = 1 for Tresca yield criterion and 
𝑎 = 2/√3 for Mises yield criterion. In what follows, it is assumed that 𝑎 = 1.1 in this study using 
Mises yield criterion. Therefore 
          𝜎𝜑 − 𝜎𝜃 = 1.1𝜎𝑒𝑞                                                                                                                                       (2.16) 
In the flange area, the boundary conditions are as 𝑟 = 𝑟0, 𝜎𝜑 = −𝑝𝑟. From Eqs. (15) and (16), 
the meridional stress at the entrance of die shoulder (𝑟 = 𝑟1) in Fig. 2.1 is given by 




𝜇(𝑞 + 𝑝𝑐)(𝑟0 − 𝑟1)
𝑡
− 𝑝𝑟                                                                             (2.17) 
For the die shoulder area, the force equilibrium relations in meridional and thickness direction 
can be expressed as 
          
𝑑(𝑟𝑡𝜎𝜑)
𝑑𝜑
+ (𝑟𝑑 + 𝑡 2⁄ )𝑡𝜎𝜃 cos 𝛷 − (𝑟𝑑 + 𝑡 2⁄ )𝑟𝜇(𝑞𝑑 − 𝑝𝑐) = 0                                                (2.18) 
          
𝜎𝜑







= 0                                                                                                (2.19) 
where 𝑞𝑑 is the contact pressure at die shoulder area in MDD (𝑝𝑐 =0MPa). From Eqs. (2.18) 
and (2.19), the relationship between 𝜎𝜑 and 𝜎𝜃 is expressed as 
          
𝑑(𝑟𝑡𝜎𝜑)
𝑑𝜑
− 𝜇𝑟𝑡𝜎𝜑 + (cos 𝛷 + 𝜇 sin 𝛷)(𝑟𝑑 + 𝑡 2⁄ )𝑡𝜎𝜃 = 0                                                            (2.20) 
Since the thickness is assumed to be constant and (𝑟𝑑 + 𝑡 2⁄ ) ≪ 𝑟1, considered the friction 
around the die shoulder, the meridional stress at the exit of die shoulder (𝑟 = 𝑟2) in Fig. 2.1 𝜎𝜑2 is 
given by 




+ 𝜎𝜑1}                                                                                                             (2.21) 
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From Eqs. (2.17) and (2.21), the meridional stress at the exit of die shoulder is obtained by 





𝜇(𝑞 + 𝑝𝑐)(𝑟0 − 𝑟1)
𝑡
− 𝑝𝑟}                                                                     (2.22) 
Here, Eq. (2.22) considers the pure drawing stress 𝜎𝑑 = 1.1𝜎𝑒𝑞 ln 𝑟0 𝑟2⁄  and the friction stress in 
flange area 𝜎𝑓 = 𝜇(𝑞 + 𝑝𝑐)(𝑟0 − 𝑟1) 𝑡⁄ . The influence of friction around die shoulder is considered 
by using the coefficient 𝑒𝜇𝛷. 
The bending stress 𝜎𝑏 is caused at the entrance of die shoulders at point A in Fig. 2.1 and the 
unbending stress 𝜎𝑢𝑏 is caused at the exit of die shoulder at point B in Fig. 2.1. Masuda et al. 
derived 𝜎𝑏 and 𝜎𝑢𝑏 using a bending moment per unit width 𝑀 at the entrance of die shoulder (at 
point A in Fig. 2.1) [2-9]. By assuming that the blank at the entrance of die shoulder is subjected to 
the plastic bending deformation, the bending moment per unit width 𝑀 can be expressed as 




                                                                                                                                              (2.23) 
and the bending stress 𝜎𝑏 can be obtained by 
          𝜎𝑏 = 𝜎𝑢𝑏 =
1.1𝜎𝑒𝑞𝑡
4(𝑟𝑑 + 𝑡 2⁄ )
                                                                                                                          (2.24) 
Considered the bending and unbending stresses 𝜎𝑏, 𝜎𝑢𝑏, the meridional stress at the exit of die 
shoulder in Eq. (2.22) can be rewritten as 
          𝜎𝜑2 = 𝑒
𝜇𝛷(𝜎𝑑 + 𝜎𝑓 + 𝜎𝑏 − 𝜎𝑟) + 𝜎𝑢𝑏                                                                                                 (2.25) 
Finally, from Eqs. (2.22)-(2.25), the meridional stress at the exit of die shoulder 𝜎𝜑2 can be 
determined as 





𝜇(𝑞 + 𝑝𝑐)(𝑟0 − 𝑟1)
𝑡
− 𝑝𝑟) + (1 + 𝑒
𝜇𝛷)
1.1𝜎𝑒𝑞𝑡
4(𝑟𝑑 + 𝑡 2⁄ )
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2.2.4. Blank holder pressure in constant gap method            
 
A constant gap method shown in Fig. 2.3 is adopted in which the gap between blank and blank 
holder is fixed. In this method, the edge of blank contacts with the blank holder and the blank holder 
force 𝑄 is generated. Due to the gap between the blank and die in the flange area, the blank does 
not have contact with the inner radius part of the flange area. It has an angle of non-contact area at 
the entrance of the die shoulder 𝛷𝑒. Based on the equilibrium of moment, the blank holder force per 
unit width for constant gap method can be obtained by 
          𝑄 =
𝑀
𝑟0 − 𝑟1 + (𝑟𝑑 + 𝑡 2⁄ ) sin 𝛷𝑒
                                                                                                          (2.27) 
From Eqs. (2.24) and (2.27), the blank holder pressure 𝑞 caused by constant gap in MDD 
(𝑝𝑐 =0MPa) can be obtained by  
          𝑞 =
1.1𝜎𝑒𝑞𝑡
3
4{𝑟0 − 𝑟1 + (𝑟𝑑 + 𝑡 2⁄ ) sin 𝛷𝑒}2
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2.2.5. Scale dependent friction model in MHDD                      
 
In micro forming, the material surface cannot be considered as smooth but instead, contains 
many peaks and valleys called ‘roughness’ [2-3]. The roughness and the extent of the valleys 
become relatively large as compared to the size of the workpiece with scaling down. The valleys 
which connect to the edge of the blank cannot retain the lubricant. This area is called OLPs, as 
shown in Fig. 2.4. With the decrease in specimen size, the fraction of OLPs increases. Thus, the 
lubricant cannot be kept during conventional micro forming and it results in an increase in the 
friction force. This means that the OLPs must be considered when the tribological behavior of micro 
forming is studied. 
The relationship among OLPs, CLPs and real contact area (RCA) [2-10] can be expressed as 
          𝛼𝑜 + 𝛼𝑐 + 𝛼𝑅𝐶 = 1                                                                                                                             (2.29) 
where 𝛼𝑜, 𝛼𝑐 and 𝛼𝑅𝐶 are the fractions of OLPs, CLPs and RCA, respectively. In the real contact 
state, RCA exists in both OLPs and CLPs areas; hence, the nominal OLPs include OLPs itself and 
RCA in OLPs area. In the same manner the nominal CLPs does CLPs itself and RCA. Using the 
nominal OLPs and CLPs, the relationship among OLPs, CLPs and RCA in Eq. (2.29) can be 
simplified and rewritten by 
          ?̅?𝑜 + ?̅?𝑐 = 1                                                                                                                                           (2.30) 
where, ?̅?𝑜 and ?̅?𝑐 are the fraction of nominal OLPs and CLPs, respectively. 
The scale factor 𝜆 can be expressed by the ratio of width of OLPs 𝑤 to blank radius 𝑅0 as 
follows, 
          𝜆 = 𝑅0 𝑤⁄                                                                                                                                              (2.31) 
The width of OLPs 𝑤 does not change when the scale becomes small. In the macro case, the 
scale factor 𝜆 is usually larger than 10, and in the micro case, 𝜆 is close to 0. 
For MHDD, the double side friction acts because the contact state in flange area should be 
modelled as shown in Fig. 2.4. Furthermore, the nominal contact area at die side and blank holder 
side are different. Here, the total nominal contact area on both die and blank holder sides in flange 
part 𝐴𝑡, the nominal OLPs and CLPs on both die and blank holder sides 𝐴𝑐 and 𝐴𝑜 can be 
expressed by 
          𝐴𝑡 = 𝜋{2𝑟0
2 − 𝑟1
2 − 𝑟2
2}                                                                                                                  (2.32) 
          𝐴𝑜 = 2𝜋𝑤{2𝑟0 + 𝑟1 + 𝑟2}                                                                                                                  (2.33) 
          𝐴𝑐 = 𝐴𝑡 − 𝐴𝑜                                                                                                                                       (2.34) 
The fraction of nominal OLPs ?̅?𝑜 can be obtained by 
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2𝑤(2𝑟0 + 𝑟1 + 𝑟2)
2𝑟02 − 𝑟12 − 𝑟22
=








                                              (2.35) 
where the relative current blank radius 𝛽0 = 𝑟0 𝑅0⁄ , the relative radius at the entrance of die 




2) {2(2𝛽0 + 𝛽1 + 𝛽2)}⁄ . When 𝜆 ≤ 1 𝛽
∗⁄ , only OLPs exists in the flange 
area and ?̅?𝑜 = 1. 
Considered the scale factor  𝜆 , the average friction coefficient in flange area 𝜇  can be 
calculated as follows, 
          𝜇 =






                                                                  (2.36) 
where 𝜇𝑐 is the friction coefficients in CLPs and 𝜇𝑑𝑟𝑦 is the friction coefficient for dry friction in 
OLPs. 
For MHDD, the fluid medium may insert into the OLPs by applying the fluid pressure as shown 
in Fig. 2.5. In this area, the friction behavior is different from the dry friction. As the fluid pressure 
increases, the friction coefficient in lubricated OLPs by fluid pressure shown in Fig. 2.5 decreases, 
and the hydrodynamic lubrication can be obtained when the fluid pressure exceeds the certain value. 
Thus, in MHDD, the lubricated OLPs by fluid pressure exist in addition to CLPs and OLPs with dry 
friction. To model this friction model, Eq. (2.36) is rewritten as, 
          𝜇 =
𝐴𝑜−𝑑𝑟𝑦𝜇𝑑𝑟𝑦 + 𝐴𝑜−𝑓𝑙𝑢𝑖𝑑𝜇𝑓𝑙𝑢𝑖𝑑 + (𝐴𝑡 − 𝐴𝑜)𝜇𝑐
𝐴𝑡
 
              =
(1 − ?̅?𝑓)𝜇𝑑𝑟𝑦 + ?̅?𝑓𝜇𝑓𝑙𝑢𝑖𝑑 + (𝜆𝛽
∗ − 1)𝜇𝑐
𝜆𝛽∗
                                                                             (2.37) 
where the dry friction area in nominal OLPs 𝐴𝑜−𝑑𝑟𝑦 = (1 − ?̅?𝑓)𝐴𝑜, the lubricated area by fluid 
pressure in nominal OLPs 𝐴𝑜−𝑓𝑙𝑢𝑖𝑑 = ?̅?𝑓𝐴𝑜,  𝜇𝑓𝑙𝑢𝑖𝑑 is the friction coefficient in lubricated OLPs 
by fluid pressure, and ?̅?𝑓 is the ratio of the lubricated nominal OLPs by fluid pressure to whole 
nominal OLPs. ?̅?𝑓 is changed by pressurization methods as shown in Fig. 2.5. ?̅?𝑓 = 0 for no fluid 
pressure, ?̅?𝑓 = 1 4⁄  for counter pressure, ?̅?𝑓 = 1 2⁄  for radial pressure, ?̅?𝑓 = 3 4⁄  for counter and 
radial pressures. Moreover, ?̅?𝑓 = 1  when ?̅?𝑜 = 1  at any pressurization methods. When the 
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2.2.6. Effective punch and friction forces in MHDD             
 
The punch force 𝑃 was used to evaluate the change of friction force by applying the counter 
pressure in experiment and theory. From the meridional stress at the exit of die shoulder as shown in 
Eq. (2.26), 𝑃 can be presented as 










4(𝑟𝑑 + 𝑡 2⁄ )
(1 + 𝑒𝜇𝛷)]                                                                                    (2.38) 
This punch force consists of the drawing, friction, bending and unbending forces 𝑃𝑆, 𝑃𝐹, 𝑃𝐵 and 
𝑃𝑈𝐵. In the same tooling dimension, 𝑃𝑆 , 𝑃𝐵 and 𝑃𝑈𝐵  are approximately constant even if the 
counter pressure is changed. The change of counter pressure only influences the friction force as 
shown in Eq. (2.38). Therefore, the different punch forces for each counter pressure shows the 
change of friction force. In the experiment, the force acting on the punch oppositely by counter 
pressure 𝑃𝑝 is included in the measured punch force 𝑃𝑀. For this reason, the effective punch force 
𝑃𝐸 in which  𝑃𝑀 is subtracted from 𝑃𝑝 is used to evaluate the change of friction force by applying 
counter pressure. It can be expressed as 
          𝑃𝐸 = 𝑃𝑀 − 𝑃𝑝 = 𝑃𝑆 + 𝑃𝐹 + 𝑃𝐵 + 𝑃𝑈𝐵                                                                                            (2.39) 
This 𝑃𝐸  similarly consists of 𝑃𝑆, 𝑃𝐹, 𝑃𝐵 and 𝑃𝑈𝐵. Therefore, the difference of 𝑃𝐸  at each 
counter pressure can evaluate the change of friction force. The friction force 𝑃𝐹 is also calculated 
theoretically. From Eq. (2.38), the friction force can be obtained by 









4(𝑟𝑑 + 𝑡 2⁄ )
}           (2.40) 
On the other hand, the application of radial pressure can apply the compression stress to the 
blank edge and the punch force can be reduced. This reduction of punch force by radial pressure 
∆𝑃𝐸𝑚𝑎𝑥 can be expressed by 
          ∆𝑃𝐸𝑚𝑎𝑥 = 𝑃𝑚𝑎𝑥(𝑝𝑟=0) − 𝑃𝑚𝑎𝑥(𝑝𝑟>0) = 2π𝑟2𝑡 sin 𝛷 𝑝𝑟                                                               (2.41) 
where 𝑃𝑚𝑎𝑥(𝑝𝑟=0) and 𝑃𝑚𝑎𝑥(𝑝𝑟>0) are the maximum punch forces without and with radial pressure, 
respectively. 
The normalized values are used when 𝑃𝐸, 𝑃𝐹 and ∆𝑃𝐸𝑚𝑎𝑥 are calculated. Using the tensile 
strength, the allowance punch force at punch side wall can be obtained by 
           𝑃𝑎𝑙 = 2.2π𝑟2𝑡 sin 𝛷 𝜎𝐵(1 + 𝜀𝑢)                                                                                                    (2.42) 
where 𝜀𝑢 is the strain at tensile strength. 
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The normalized effective punch force normalized ?̅?𝐸, the normalized friction force ?̅?𝐹 and the 
normalized reduction of punch force by radial pressure ∆?̅?𝐸𝑚𝑎𝑥 can be expressed by 









                                                                                                    (2.43) 






                                                                                                               (2.44) 
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2.2.7. Scale dependence of required fluid pressure in MHDD          
 
(1) Friction holding effect 
To make the contact between the blank and punch at side wall, the blank should be bent the 
bending angle 𝛷𝑐 by the relative bending moment per unit width caused by counter pressure 
applied to side wall 𝑀𝑝 as shown in Fig. 2.6. Based on the equilibrium of moments, the relative 
moment per unit width for bending resistance of blank 𝑀𝐵 and 𝑀𝑝 can be expressed as follows, 






                                                                                                                                       (2.46) 
          𝑀𝑝 =
𝐿2
2 cos2 𝛷𝑐
𝑝𝑐                                                                                                                                (2.47) 
where 𝐼 is the geometrical moment of inertia per width and 𝐿  is the length of side wall. When the 
blank is bent to make the contact between the blank and punch side wall, 𝑀𝑝 should be higher than 
that 𝑀𝐵. Therefore, from Eqs. (2.46) and (2.47), the minimum required fluid pressure for friction 
holding effect 𝑝𝑓𝑚𝑖𝑛 can be obtained by 





6(𝑟𝑝 𝑡⁄ ) ∙ (𝐿 𝐷𝑝⁄ )
2
(𝐷𝑝 𝑡⁄ )
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(2) Hydrodynamic lubrication effect 
The hydrodynamic lubrication occurs when the fluid medium leaks between the blank and tools 
and the blank does not contact with the tools. Therefore, when the fluid pressure exceeds the contact 
pressure at die shoulder, the fluid pressure leaks between the blank and tools and the hydrodynamic 
lubrication can be obtained [2-11]. The required fluid pressure for hydrodynamic lubrication 𝑝ℎ is 
given by the contact pressure at die shoulder 𝑞𝑑. From Eq. (2.19), it is presented by 
          𝑝ℎ = 𝑞𝑑 =
𝑡𝜎𝜑




sin 𝛷                                                                                                          (2.49) 
On the basis of Eqs. (2.16) and (2.22), assuming that the friction resistance under the 
hydrodynamic lubrication is quite small and can be ignored, Eq. (2.49) can be rewritten as 
 𝑝ℎ = 1.1𝜎𝑒𝑞 {
𝑡










) sin 𝛷} 
     = 1.1𝜎𝑒𝑞 {
1














2.2.8. Material and dimensions used in calculation                         
 
Stainless steel foil (SUS304-H) with a thickness of 50m was used. The mechanical properties 
are listed in Table 2.1. The stress-strain curves obtained by a tensile test and calculated by the Swift 
equation are shown in Fig. 2.7. The stress-strain curve was also calculated using power law as a 
comparison. The tool dimensions are presented in Fig. 2.8. The angle of the no contact area at the 
entrance of the die shoulder in Fig. 2.3 was experimentally measured and was set to 𝛷𝑒 = 12°. Two 
types of lubrication conditions were used in the calculation as shown in Fig. 2.5. Dry friction 
conditions were adopted in MDD and lubricated OLPs by counter pressure was assumed in MHDD. 
The friction coefficients for different lubrications used in calculation are listed in Table 2.2. The 
friction coefficients for each lubrication case were assumed with reference to the friction coefficients 
shown in the several papers related with tribology [2-4, 12, 13]. Based on the experimental results as 
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Table 2.1  Mechanical properties of material used. 
Young's 
modulus      
E (GPa)  
Yield stress     
σy (MPa) 
Tensile 











193 1217 1331 0.007 0.017 1470 
 
 
(a) Overall view 
 
 
(b) Enlarged view 



















































Equivalent plastic strain εeq
Tensile test result
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OLPs  μc 
Lubricate OLPs 
by fluid pressure 
μh 
Friction coefficient in 
lubricated OLPs by 
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2.3. FE Model of MHDD                        
 
The FEM simulation was carried out with an explicit dynamic finite element code, LS-DYNA 
ver.971. The stainless steel foil (SUS304-H) of 50μm thickness was employed. For mechanical 
properties, Young’s modulus 𝐸 = 193GPa, yield stress 𝜎𝑦 = 1217MPa and tensile strength 
𝜎𝐵 =1331MPa was used. A real stress-strain curve obtained by tensile test shown in Fig. 2.7 was 
input into FEM directly as the plastic stress-strain curve. The 8-node solid element with isotropic 
elastic-plastic body model was used for the blank, and the tools were treated as rigid bodies as 
shown in Fig. 2.9. The blank has 5 elements in thickness direction, 100 elements in radial direction, 
and has the 10 integration points in thickness direction. The full model was simulated. 
The ratio of punch diameter to thickness 𝐷𝑝 𝑡⁄  which represents the target size, the ratio of 
punch and die shoulder radii to thickness 𝑟𝑝 𝑡⁄ , 𝑟𝑑 𝑡⁄  are important parameters in relative tooling 
feature size. 𝐷𝑝 𝑡⁄  represents the relative tooling feature size and set up at 𝐷𝑝 𝑡⁄ =20, 38, 100. In 
this FEM, the punch diameter, punch and die radii were changed under the constant minimum 
thickness 𝑡 =50μm to evaluate the effect of relative tooling feature size on deformation behavior as 
shown in Fig. 2.10. The tool dimensions used in MHDD are listed in Table 2.3. The constant gap 
method was adopted, in which the gap between the blank holder and die ℎ is fixed. The counter 
pressure 𝑝𝑐 was applied to whole surface of blank and the radial pressure 𝑝𝑟 was applied to blank 
edge. These fluid pressures were assumed as constant during the MHDD process. The static and 
kinetic friction coefficients between the punch and blank were assumed as 𝜇𝑠 =0.35, 𝜇𝑘 =0.30 in 
dry friction under all conditions, respectively. The friction coefficients between the die, blank holder 
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Table 2.4  Friction coefficients between die, blank holder and blank. 
Lubrication conditions Friction coefficients 
Dry friction (No lubrication) 𝜇𝑠 =0.35, 𝜇𝑘 =0.30 




Dp/t 20 38 100
Blanking punch diameter, D0 [mm] 1.726 3.300 8.684
Drawing punch diameter, Dp [mm] 1 1.9 5
Drawing punch shoulder radius, rp [mm]
0.05, 0.10 0.26,
0.10 0.10 0.10
Drawing die diameter, Dd [mm] 1.142 2.04 5.14
Drawing die shoulder radius, rd [mm]
0.10 0.20 0.53
0.20 0.20 0.20
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2.4. Results and Discussion                     
 
2.4.1. Verifications of FEM model and theory of MHDD            
 
Fig. 2.11 shows the ratio of kinetic energy to total energy in FEM model for MHDD. The energy 
ratio was less than 0.05 during whole drawing process and it was less than 0.01 except of the early 
stage. The stress wave also cannot be observed during the drawing process. It can be said that the 














































Normalized punch stroke  s/Dp
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Fig. 2.12 shows the deformation processes of blank during MHDD in FEM and experiment. The 
flange area flows into the die cavity as the punch travels. The blank shape and material flow at 
flange area in FEM are in good agreement with experimental results, except for the wrinkling at cup 





Fig. 2.12  Comparison of deformation processes of blank during MHDD between experiment and 
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Fig. 2.13 shows the effect of counter pressure on deformation profiles of blank at side wall in 
experiment and FEM. The fitness in punch side wall can be improved by applying 𝑝𝑐 =20MPa in 
experiment, although it is low at 𝑝𝑐 =0MPa. The FEM results also shows that the larger counter 
pressure, the higher fitness for punch side wall. The contact length between blank and punch side 
wall 𝐿𝑐 has a good agreement between experiment and FEM at 𝑝𝑐 =20MPa. The FEM model can 







Fig. 2.13  Deformation profiles of blank at side wall for different counter pressures in experiment 












































































Design of MHDD Based on Scale Dependence 
- 85 - 
 
 02 
Fig. 2.14 shows the comparison of experimental and theoretical results of normalized effective 
punch force-stroke curves. In the experimental results of MDD and MHDD, the punch force-stroke 
curves increase at the early stage (𝑆 𝐷𝑝⁄ <0.2) and reach the maximum at 𝑆 𝐷𝑝⁄ = 0.2. At the 
middle stage (0.2< 𝑆 𝐷𝑝⁄ <0.6), the punch force and the sliding force occurs during passing thought 
the straight die part in Fig. 2.8 at the late stage (𝑆 𝐷𝑝⁄ >0.6). The theoretical results can represent the 
increase and decrease of punch force although it cannot represent the sliding force. The maximum 
punch forces of the theoretical results are almost as large as the experimental results in MDD and 
MHDD of 𝜇𝑓𝑙𝑢𝑖𝑑 =0.25. This means that the theoretical results agree with the experimental results. 
For MHDD of 𝜇𝑓𝑙𝑢𝑖𝑑 =0.03, the effective punch force is much smaller than that in experimental 
result and theoretical result of 𝜇𝑓𝑙𝑢𝑖𝑑 =0.25. It means that the friction coefficient in OLPs cannot be 
sufficiently reduced by applying counter pressure of 10MPa. Moreover, it shows that the friction 
coefficient in OLPs significantly influences the effective punch force in MHDD. The punch 
force-stroke curves calculated by Swift equation are completely the same as the power law. This is 
because the stress-strain curves are almost the same for material with a low work hardening 






Design of MHDD Based on Scale Dependence 










(b) In MHDD (pc=10MPa, 𝜇𝑐 = 𝜇𝑑𝑟𝑦 = 0.3, ?̅?𝑓 = 1/4) 
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2.4.2. Basic deformation characteristics and drawability in MHDD      
 
Fig. 2.15 shows the deformation processes in cross section of blank during MHDD. It can be 
seen that the blank at flange area flows into the die cavity as with Fig. 2.12. It seems that the contact 
length between the blank and punch at side wall increases as the punch travels. This contact behavior 
between the blank and punch at side wall is different at different counter pressures as shown in Fig. 
2.16. For 𝑝𝑐 =0MPa, the blank does not contact with the punch at side wall during the drawing 
process. After the blank was drawn at 𝑆 𝐷𝑝 =⁄ 0.6, the blank near the edge contacts with punch at 
side wall. By applying 𝑝𝑐 =30MPa, the contact timing between the blank and punch at side wall is 
made quick and the contact length 𝐿𝑐 increases. However, the blank still does not contact before 
𝑆 𝐷𝑝 =⁄ 0.4 due to the no contact between the blank and punch side wall near the punch shoulder. 
The blank is difficult to be fitted to the punch side due to the large bending stiffness at punch 
shoulder. Therefore, the contact between the blank and punch side wall cannot be obtained at low 
counter pressure. Meanwhile, the adequate contact state can be obtained by applying 𝑝𝑐 =100MPa. 
At 𝑝𝑐 =100MPa, the blank contacts with the punch by degrees as the punch travels. The ultra high 





Fig. 2.15  Overall view of deformation processes in cross section of blank during MHDD 
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(c) 𝑝𝑐 =100MPa 
Fig. 2.16  Enlarged view of deformation processes in cross section of blank at punch shoulder 
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Fig. 2.17 shows the effect of counter pressure on thickness strain distribution in FEM. The 
maximum thickness reduction appears at punch shoulder due to the bending and bulge deformation. 
The thickness is also reduced at side wall due to the bending and unbending deformations at die 
shoulder. The same behavior has been observed at conventional macro HDD [2-14]. In addition, the 
thickness reduction increases at punch shoulder with increasing the counter pressure. The blank 
holder plays a role of blank holder pressure in MHDD with constant gap. So, the increase of counter 
pressure causes the increase of blank holder pressure and friction force between blank and blank 
holder. Therefore, the thickness reduction occurs when the drawing resistance in flange area 








Fig. 2.18 shows the shift of locations of maximum meridional stress and fracture by counter 
pressure applied in MHDD. At low counter pressure 𝑝𝑐 =30MPa, the meridional stress become high 
at punch shoulder at any 𝐷𝑝 𝑡⁄ . It is because the friction holding effect is not enough due to the less 
fitness between the blank and punch side wall as shown Fig. 2.16. It induces the fracture at punch 
shoulder [2-14]. On the other hand, the meridional stress concentration area is shifted to the die 
shoulder area by applying 𝑝𝑐 =180MPa at 𝐷𝑝 𝑡⁄ =38 and 𝑝𝑐 =80MPa at 𝐷𝑝 𝑡⁄ =100 due to the 
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punch shoulder increases as 𝐷𝑝 𝑡⁄  decreases. Moreover, the meridional stress at punch shoulder 
cannot be reduced at 𝐷𝑝 𝑡⁄ =20 because the excessive thickness reduction occurs before the friction 
holding effect is obtained. In conventional macro HDD, it was reported that the fracture normally 
occurs at die shoulder under the high counter pressure. It is because the reverse bulging deformation 
occurs at the die shoulder, or the blank side wall is subjected to the high drawing resistance due to 
the less friction holding effect. The limiting drawing ratio (LDR) can be obtained when this fracture 
at die shoulder cannot be avoided. It means the forming limit can be improved by avoiding the 
fracture at punch shoulder by applying counter pressure. From the above results, it was clarified that 
the ultra high fluid pressure 𝑝 ≥100MPa is required to improve the drawability in MHDD and it 
also increases as the size is scaled down to micro scale with decreasing the relative tooling feature 




Fig. 2.18  Shift of locations of maximum meridional stress and fracture by counter pressure applied 
in MHDD (𝑆 𝐷𝑝⁄ =0.25).  
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2.4.3. Scale dependent strategy for tooling and process variable design 
in MHDD                                 
 
(1) Friction holding effect 
The friction holding effect can be obtained when the blank contact with the punch side wall and 
the friction between them reduces the applied load to the blank at punch shoulder. The friction 
holding effect was evaluated by the contact position from the punch shoulder. Fig. 2.19 shows the 
variation of contact region between the blank and punch during MHDD process for different 𝐷𝑝 𝑡⁄  
values. As shown in the contact pressure distribution in the inserted figure in Fig. 2.19, the contact 
region includes the contact pressure distribution and its area increases as the punch travels. The 
contact region is zero at the early stage which is the contact stage between blank and punch shoulder 
at any conditions. From the certain punch stroke, the blank starts to contact with the punch side wall 





Fig. 2.19  Variation of contact region between blank and punch during MHDD process for different 
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Fig. 2.20 can be obtained by adding the effect of counter pressure in Fig. 2.19. In the case of 
geometrical variation of tools as shown in Fig. 2.20(a), the contact region between blank and punch 
exists only at the cup edge at 𝑝𝑐 =0MPa. By increasing the counter pressure, the contact region 
increases and the contact timing becomes earlier. However, as 𝐷𝑝 𝑡⁄  decreases, the blank hardly fits 
with the punch side and the high counter pressure is required to obtain the early contact at the early 
stage. For the variation of punch diameter as shown in Fig. 2.20(b), the contact region increases at 
𝐷𝑝 𝑡⁄ =100 and it decreases at 𝐷𝑝 𝑡⁄ =20 as compared with the geometrical variation of tools as 
shown in Fig. 2.20(a). 
Fig. 2.21 shows the effect counter pressure on contact length in different 𝐷𝑝 𝑡⁄  values, which 
was calculated from the relationship between the counter pressure and contact region at the certain 
punch stroke in Fig. 2.20. It can be seen that the contact length increases with the increase of the 
counter pressure. The minimum counter pressure in which the blank contacts to the punch side and 
the friction holding effect can be obtained differs from 𝐷𝑝 𝑡⁄ . In addition, by comparing between the 
geometrical variation of tools and the variation of punch diameter, it can be seen that the contact 
length also increases as 𝑟𝑝 𝑡⁄  decreases. In the case of 𝐷𝑝 𝑡⁄ =20, the excessive thickness reduction 
at the punch shoulder occurs before the contact region appears at the relative punch stroke 
𝑆 𝐷𝑝⁄ =0.25. 
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(b)Variation of punch diameter 
Fig. 2.20  3-D representation of variation in relative contact region between blank and punch 




Fig. 2.21  Effect of counter pressure on relative contact length in different 𝐷𝑝 𝑡⁄  values 
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Fig. 2.22 shows the effect of 𝐷𝑝 𝑡⁄  on minimum required fluid pressure for friction holding 
effect 𝑝𝑓𝑚𝑖𝑛. 𝑝𝑓𝑚𝑖𝑛 is defined as the counter pressure when the blank starts to contact with the 
punch side wall and the friction holding effect is obtained. 𝑝𝑓𝑚𝑖𝑛 increases with decreasing 𝐷𝑝 𝑡⁄  
at any tooling conditions. For 𝐷𝑝 𝑡⁄ =20 in the variation of punch diameter, the friction holding 
effect cannot be obtained because the thickness reduction increases becomes significant as the 
counter pressure increases before the friction holding effect occurs. From these results, it was 
revealed that the minimum required fluid pressure for friction holding effect does not strongly 
depends on the relative punch shoulder radius to thickness 𝑟𝑝 𝑡⁄ , but depends on the relative punch 




Fig. 2.22  Minimum required fluid pressures for friction holding effect for various 𝐷𝑝 𝑡⁄  values 
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(2) Hydrodynamic lubrication effect 
The hydrodynamic lubrication is known as the effect to reduce the friction force between the die, 
blank holder and blank. This effect is important to improve the forming limit in MHDD. When the 
hydrodynamic lubrication is induced, the force pushing the blank from the contact start point at die 
shoulder to blank edge occurs by the counter pressure as shown in Fig. 2.23. To induce the 
hydrodynamic lubrication, this force pushing the blank should be larger than the contact reactive 
force between the blank and die [2-11]. For this reason, the required fluid pressure for hydrodynamic 
lubrication 𝑝ℎ is calculated from the contact pressure between the blank and die. 
Fig. 2.24 shows the effect of 𝐷𝑝 𝑡⁄  on required fluid pressure for hydrodynamic lubrication 𝑝ℎ. 
As the comparison, the theoretical results calculated by Eq. (2.50) are also shown in Fig. 2.24. In 
geometrical variation of tools, 𝑝ℎ increases as 𝐷𝑝 𝑡⁄  decreases in both of FEM and theory. On the 
other hand, 𝑝ℎ is almost constant in variation of punch diameter. It means that 𝑝ℎ does not depend 
on the relative punch diameter to thickness 𝐷𝑝 𝑡⁄ , but mainly depends on the relative die shoulder 
radius to thickness 𝑟𝑑 𝑡⁄ . Similar behavior is experimentally observed in conventional HDD as 
shown in Fig. 2.25 [2-15]. The FEM results are qualitatively in a good agreement with theoretical 
results although the FEM result is lower than that in theoretical results. This difference may be 
caused by the assumption of uniform thickness and no consideration of blank deformation by fluid 
pressure in theoretical model. Fig. 2.26 shows the effects of 𝐷𝑝 𝑡⁄  and 𝑟𝑑 𝑡⁄  on required fluid 
pressure for hydrodynamic lubrication 𝑝ℎ . In the same 𝑟𝑑 𝑡⁄ , 𝑝ℎ  is almost the constant over 
𝐷𝑝 𝑡⁄ =50; however, it drastically increases under 𝐷𝑝 𝑡⁄ =50. Furthermore, the level of 𝑝ℎ 
uniformly decreases in any 𝐷𝑝 𝑡⁄  values. The die shoulder radius should be large to induce the 





(a) At solid contact between blank and die          (b) At hydrodynamic lubrication 
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(3) Compression effect of blank edge by radial pressure 
The compression effect of blank edge by radial pressure applied to blank edge can reduce the 
meridional stress by applying the compression stress at flange area to improve the forming limit. To 
investigate the effect of 𝐷𝑝 𝑡⁄  on compression effect, the normalized reduction of maximum 
effective punch force by applying radial pressure ∆?̅?𝐸𝑚𝑎𝑥 is evaluated as shown in Fig. 2.27. 
∆?̅?𝐸𝑚𝑎𝑥 is almost constant at any 𝐷𝑝 𝑡⁄  in both conditions of geometrical variation of tools and 
variation of punch diameter. It means that ∆?̅?𝐸𝑚𝑎𝑥 is not depended on any relative tooling feature 
sizes 𝐷𝑝 𝑡⁄ , 𝑟𝑝 𝑡⁄  and 𝑟𝑑 𝑡⁄ . The FEM results is larger than that in theoretical results. The 
thickening behavior at flange area is not considered in theoretical model. The area of blank edge and 
the compression force by radial pressure in theory is smaller than that in FEM. It is the reason why 
∆?̅?𝐸𝑚𝑎𝑥 becomes small in theory. 
As mentioned above, the required fluid pressure for the friction holding and hydrodynamic 
lubrication effects depend on the relative punch diameter and die shoulder radius to thickness 𝐷𝑝 𝑡⁄ , 
𝑟𝑑 𝑡⁄ , respectively, although the compression effect does not depend on any relative tooling feature 
sizes. Moreover, it was clarified that the ultra high pressure 𝑝𝑐 >100MPa is required to improve the 
forming limit by obtaining the friction holding and hydrodynamic lubrication effects. In 
conventional macro HDD, the applied fluid pressure is normally less than 𝑝𝑐 =30MPa for pure 
aluminum and 𝑝𝑐 =50MPa for mild steel [2-16]. The scaling down of target size in MHDD causes 




Fig. 2.27  Reductions of maximum effective punch forces by radial pressure applied to blank edge 
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2.4.4. Scale dependence of fracture prevention mechanism in MHDD    
 
(1) Friction holding effect 
Fig. 2.28 shows the effects of counter pressure, 𝐷𝑝 𝑡⁄  and 𝑟𝑝 𝑡⁄  on meridional stress 
distribution. In geometrical variation of tools, the high applied force at punch shoulder can be 
reduced by applying 𝑝𝑐 =100MPa at 𝐷𝑝 𝑡⁄ =100 because the friction holding effect occurs at 
punch side wall. At 𝐷𝑝 𝑡⁄ =20 and 38, the meridional stress at punch shoulder cannot be reduced 
significantly. It is because the contact region decreases and the contact timing becomes late when the 
foil thickness become relatively thick to the tool dimension at small 𝐷𝑝 𝑡⁄  as shown in Figs. 2.19 
and 20. Therefore, the friction holding effect cannot be obtained in the case of 𝐷𝑝 𝑡⁄ =20 and 38. 
On the other hand, in variation of punch diameter, the friction holding effect cannot be obtained 
at 𝐷𝑝 𝑡⁄ =20 and 38, but can be obtained at 𝐷𝑝 𝑡⁄ =100 as with geometrical variation of tools. At 
𝐷𝑝 𝑡⁄ =100, the friction holding effect occurs at 𝑝𝑐 =60MPa in variation of punch diameter and it is 
lower than that in geometrical variation of tools, even though the punch shoulder radius in variation 
of punch diameter is smaller. It is because the small 𝑟𝑝 𝑡⁄  causes the early contact between the blank 
and punch at the side wall and the increase of contact region as shown in Fig. 2.21. 
Generally, when the tooling dimensions and material sizes is scaled down in geometrical 
similarity, 𝑝𝑓𝑚𝑖𝑛  does not change. However, becomes relatively larger than the minimum 
manufacturable thickness in micro scale, the relative punch diameter 𝐷𝑝 𝑡⁄  because the tooling 
dimensions, although the relative length of side wall 𝐿 𝐷𝑝⁄  is almost constant. Therefore, Therefore, 
the minimum required fluid pressure for friction holding effect 𝑝𝑓𝑚𝑖𝑛 increases as 𝐷𝑝 𝑡⁄  decreases 
as shown in Eq. (2.48). It is because the relative stiffness of blank increases with decreasing 𝐷𝑝 𝑡⁄ . 
On the other hand, as 𝑟𝑝 𝑡⁄  decreasing, 𝐿 𝐷𝑝⁄  also decreases at the same time. The effect of 
𝐿 𝐷𝑝⁄  on 𝑝𝑓𝑚𝑖𝑛 is more significant than the effect of 𝑟𝑝 𝑡⁄  because 𝐿 𝐷𝑝⁄  is the square parameter 
as shown in Eq. (2.48). It means that the resultant force by the counter pressure acting on the side 
wall is larger than the relative bending stiffness with the decrease of 𝑟𝑝 𝑡⁄ . Therefore, with 
decreasing 𝑟𝑝 𝑡⁄ , the blank easily contact with the punch side wall and the friction holding effect can 
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(a) Geometrical variation of tools 
 
 
(b) Variation of punch diameter 
Fig. 2.28  Effect of counter pressure, 𝐷𝑝 𝑡⁄  and 𝑟𝑝 𝑡⁄  on meridional stress distribution 
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(2) Hydrodynamic lubrication effect 
In conventional macro HDD with constant blank holder force, it was reported that the contact 
pressure not only at the die shoulder but also at flange area influences the required fluid pressure for 
hydrodynamic lubrication 𝑝ℎ [2-11]. However, in MHDD with constant gap method, the contact 
pressure is concentrated at the die shoulder as shown in Fig. 2.29. This contact pressure at die 
shoulder and its area increase as 𝑟𝑑 𝑡⁄  decreases in geometrical variation of tools. In addition, the 
blank and the die does not contact uniformly but contacts at boundary between the flange, side wall 
and die shoulder. On the other hand, the contact state in variation of punch diameter is almost the 
same at any 𝑟𝑝 𝑡⁄  values. It means that 𝑝ℎ does not depend on 𝐷𝑝 𝑡⁄ , but depends on 𝑟𝑑 𝑡⁄  as with 
Fig. 2.24. It was clarified that the same tendency, which the required fluid pressure for 
hydrodynamic lubrication 𝑝ℎ increases with decreasing 𝑟𝑑 𝑡⁄ , appears not only in conventional 




(a) Geometrical variation of tools 
 
 
(b) Variation of punch diameter 
Fig. 2.29  Contact pressure distribution at die shoulder for various 𝐷𝑝 𝑡⁄  and 𝑟𝑑 𝑡⁄  values 
(𝑝𝑐 =0MPa).  
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(3) Compression effect of blank edge by radial pressure 
Generally, the radial pressure can apply the compression force at blank edge and can improve the 
forming limit by reducing the meridional tensile stress at side wall [2-15] as shown in Fig. 2.30. This 
reduction of meridional stress at side wall ∆𝜎𝜑 is almost the same and its reduction amount is also 
the same with radial pressure 𝑝𝑟 at any 𝐷𝑝 𝑡⁄  values as shown in Fig. 2.31. It means that the 
meridional stress at side wall is reduced as large as the radial pressure. Moreover, the compression 
effect of blank edge by radial pressure does not depend on the relative tooling feature size to 
thickness, but it depends on the flow stress of blank and the radial pressure itself. That is why the 
compression effect of blank edge by radial pressure is not influenced by 𝐷𝑝 𝑡⁄  and 𝑟𝑑 𝑡⁄  as shown 




Fig. 2.30  Reduction in meridional stress from flange area to side wall by radial pressure 
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Fig. 2.31  Reductions in meridional stresses at side wall by radial pressure for various 𝐷𝑝 𝑡⁄  values 
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2.4.5. Verification and size effect prediction on lubricated OLPs by fluid 
pressure in MHDD                            
 
In MHDD, not only the hydrodynamic lubrication, but also boundary and mixed lubrications 
exist during the MHDD process. In general, the lubricant cannot be kept in OLPs which connect to 
the edge of the blank in boundary and mixed lubrications in conventional micro forming [2-3]. On 
the other hand, if the fluid medium can be filled in the OLPs in MHDD as shown in Fig. 2.5, the 
lubricant can be kept in the OLPs and the friction coefficient can be reduced in micro scale. To 
confirm this phenomenon, an evaluation test for OLPs utilizing liquid was carried out and the size 
effect of lubricated OLPs by fluid pressure is theoretically investigated. 
 
(1) Evaluation test for OLPs utilizing liquid 
The same material used in the MHDD experiment was used. The blank diameters are 𝐷0 =1.7 
and 15mm. The blank is compressed by the tools under the contact pressure of approximately 
20MPa and the liquid is filled in the tool as shown in Fig. 2.31. The area into which the colored 
liquid intruded is colored. After the colored liquid is dried, the blank is taken out. Thus, the area into 
which the liquid intruded can be visualized. The appearance of the blank was observed using a 
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(2) Lubrication model by fluid pressure in MHDD 
The friction force and friction coefficient in several lubrication conditions in MDD and MHDD 
shown in Fig. 2.5 were calculated. To confirm the tribological size effect in MHDD, the lubricated 
OLPs by counter and radial pressure was adopted. As a comparison, dry friction and lubrication in 
MDD, and hydrodynamic lubrication in MHDD were compared. For MHDD with lubricated OLPs 
by counter and radial pressures, the counter and radial pressures 𝑝𝑐 = 𝑝𝑟 =100MPa and the friction 
coefficient in lubricated OLPs by fluid pressure 𝜇𝑓𝑙𝑢𝑖𝑑 =0.03. For hydrodynamic lubrication, they 




(3) Discussion on lubricated OLPs by fluid pressure in MHDD 
Fig. 2.32 shows the appearance of OLPs with the intruded liquid for different blank diameters. 
For both blank diameters, the outer edge of the blank was colored. This colored area contacts with 
the blank edge and does not appear in the inner area of the blank as shown in Fig. 2.33. This means 
that the fluid medium was poured into the OLPs. The average widths of the OLPs for 𝐷0 =1.7 and 
15mm are approximately 𝑤𝑎𝑣𝑒 =215 and 135m, respectively. The scale factors for both blank 
diameters are approximately 𝜆 = 4.0 and 55.6. Thus, the fraction of OLPs increases as the blank 
diameter decreases. Similar results were reported in a conventional compression test for a small 
specimen [2-17]. For a blank diameter of 1.7mm, the width of the OLPs is not uniform. This is 
because the tool surface is not exactly parallel to the blank surface. This means that the contact area 
between the blank and the tool is displaced from the center position and alters the shape of the circle. 
At the blank edge, the shear drop exists because the blank is fabricated by the blanking. In the area 
of the shear drop, the blank does not have contact with the tool and this area is included in the OLPs. 
From these results, it could be seen that the fluid medium can be kept at the OLPs by applying the 
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As mentioned above, the OLPs can be filled with the fluid medium by applying fluid pressure. 
This means that the lubricant can be kept and the friction coefficient can be reduced on OLPs in 
MHDD. Based on this result, the scale dependences of maximum friction force for different 
lubrication conditions in MDD and MHDD were calculated as shown in Fig. 2.34(a). In MDD with 
dry friction, the friction force is constant because the friction coefficients in the OLPs and CLPs are 
the same. The friction coefficient does not change in macro and micro scales. For MDD with 
lubrication, the friction force increases with scaling down to micro scale because the fraction of 
OLPs increases because it cannot keep the lubricant. This causes the increase of the friction 
coefficient and the friction force in MDD. The same behavior has been reported in previous research 
into conventional micro forming [2-4]. On the other hand, in MHDD with lubricated OLPs by 
counter and radial pressures, the friction force decreases with scaling down. This behavior is the 
opposite of the tribological size effect in conventional micro forming. The OLPs can be filled with 
the fluid medium by applying fluid pressure. In addition, the fraction of OLPs increases with scaling 
down, and the friction coefficient can be reduced. Therefore, the average friction coefficient in the 
flange area decreases with the decrease of specimen size in MHDD with lubricated OLPs by counter 
and radial pressures as shown in Fig. 2.34(b). In comparison with hydrodynamic lubrication 
conditions, the friction force in MHDD with lubricated OLPs by counter and radial pressures is large 
in the macro scale, but is not very different in the micro scale in which 𝜆 is under 5. It was found 
that the friction force can be reduced in the micro scale without hydraulic lubrication by applying 
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(a) Normalized maximum friction forces 
 
 
(b) Average friction coefficients 
Fig. 2.34  Scale dependences of normalized friction forces and average friction coefficients in 
flange area at maximum punch force for different lubrication conditions in MDD and 
MHDD introduced in Eqs. (2.37) and (2.44) ((Ⅰ) Dry friction, (Ⅱ) Lubrication, (Ⅳ) 
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2.5. Concluding Remarks                       
 
In this chapter, the fluid pressure, tooling conditions to obtain the fracture prevention effects and 
improve the shape accuracy in MHDD process were designed based on tribological size effect and 
relative tooling feature size using theory and FEM. The following conclusion may be drawn. 
 
1) The tribological behavior in MHDD is characterized by the high sealablity to induce 
hydrodynamic lubrication and the lubricated OLPs by fluid pressure, which are caused by the 
relative tooling feature size and surface topography, respectively. The ultra high pressure 
𝑝 ≥100MPa for stainless steel (𝑝 𝜎𝑦⁄ ≥0.16) is required to induce the hydrodynamic lubrication 
in MHDD. The application of radial pressures is also effective to reduce the friction without the 
hydrodynamic lubrication due to the lubricated OLPs in MHDD. 
 
2) The application of counter pressure can improve the drawability because the location of 
maximum meridional stress at punch shoulder area is shifted to die shoulder area when the blank 
contacts with the punch side wall and the friction holding effect is obtained. It was theoretically 
revealed that 𝑟𝑝 𝑡⁄ , 𝐿 𝐷𝑝⁄  and 𝐷𝑝 𝑡⁄  influences the shape accuracy at side wall and friction 
holding effect. The required fluid pressure for friction holding effect also becomes more than 
𝑝𝑐 =100MPa in MHDD with small relative tooling feature size. 
 
3) The parameter about target size 𝐷𝑝 𝑡⁄  has a dominant influence on the shape accuracy. The 
decease of 𝐷𝑝 𝑡⁄  results the decrease of the shape accuracy and the friction holding effect due 
to the increase of relative bending stiffness. The improvement of shape accuracy cannot be 
expected when 𝐷𝑝 𝑡⁄  is too small. 
 
4) When the parameter about the target shape 𝑟𝑝 𝑡⁄  and 𝑟𝑑 𝑡⁄  decreases, the resultant force by the 
counter pressure acting on the side wall decrease due to the decrease of relative length of side 
wall 𝐿 𝐷𝑝⁄  decreases. It results the decrease of the shape accuracy and friction holding effect. 
 
 
As mentioned above, the tribological behavior in MHDD can be improved by applying the ultra 
high pressure and using lubricated OLPs, although the conventional micro sheet forming has the low 
lubrication effect and easily causes the adhesion and seizure. Furthermore, the application of ultra 
high pressure (𝑝𝑐 ≥100MPa) can possibly induce the fracture prevention effects and improve the 
shape accuracy in MHDD. From the above, the advantages of ultra high fluid pressure in micro sheet 
hydroforming was clarified. In addition, not only the required fluid pressure, but also the proper 
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tooling conditions, such as the parameter about the target size 𝐷𝑝 𝑡⁄ , the parameters about the target 
shape 𝑟𝑝 𝑡⁄  and 𝑟𝑑 𝑡⁄ , in MHDD were revealed. Thus, the MHDD process has the scale dependence 
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3.1. Introduction                            
 
In Chapter 2, the micro hydromechanical deep drawing (MHDD) process was analytically 
designed based on the scaled dependence of tribological behavior and tooling feature size. It was 
clarified that the ultra high pressure has a possibility to improve the drawability and shape accuracy 
in micro sheet hydroforming. Furthermore, based on the relative tooling feature size, the appropriate 
tooling conditions were revealed to improve the shape accuracy and induce the fracture prevention 
effects, such as the friction holding effect, the hydrodynamic lubrication effect, and the compression 
effect of blank edge by radial pressure. 
To realize the MHDD process, the press machines, tool sets, and hydraulic systems for high fluid 
pressure are required. Previously, only a few researches previously applied this hydroforming 
technique in micro sheet forming, such as the embossing using fluid pressure [3-1]. Not only the 
ultra high pressure, but also the normal level fluid pressure (𝑝 <100MPa) has not been applied in the 
micro deep drawing (MDD). Therefore, the design of guideline of forming system for the micro 
sheet hydroforming has not been sufficiently established. Additionally, because there is normally a 
leakage during the hydromechanical deep drawing [3-2], its hydraulic system and sealing method in 
MHDD are not simple as with the micro embossing [3-3], and micro bulging [3-4] using fluid 
pressure. Thus, a new concept for MHDD system is required. 
In this section, MHDD system with simple structure, compact, and high forming accuracy is 
developed and its performance tests are carried out. Additionally, the effect of fluid pressure on basic 
drawing characteristics in MHDD is experimentally investigated. 
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3.2. Development of MHDD Apparatus                
 
As mention in Chapter 1.3, there are some difficulties in tools and machines with scaling down. 
In micro scale, the required accuracies for tool, transfer, position and force controls are very high. 
Furthermore, there is a limitation of tooling size miniaturization due to the difficulty of manufacture 
of tiny and complex shape and the low stiffness of tiny and long tools. 
Based on the difficulties and characteristics in micro scale, the design concept of the new MHDD 
apparatus is proposed as shown in Fig. 3.1. It includes simplification of the forming processes and 
apparatus structure and can be summarized as follows; 
 
1) Adoption of one-stroke forming to avoid the need for material transfer and positioning control 
(coaxial multiple processes) 
2) Adoption of a constant gap method to avoid the need for highly accurate force control for 
preventing wrinkling 
3) Sealing and generation of stable fluid pressure by decreasing the clearance between tools to 
avoid the need for ultrafine flow-rate control 
4) Adoption of a multi-axis system inside the die to avoid the need for a double-action mechanical 
press and to simplify the apparatus structure 
 
Through these measures, a simple apparatus is realized, which enables the fabrication of 
components with a high accuracy by decreasing the number of control targets. 
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3.2.1. One-stroke forming                         
 
One-stroke forming [3-5] is a forming method in which all the forming processes are carried out 
coaxially. It was developed to achieve the improvement of shape accuracy, miniaturization of 
machine, saving of energy and high efficiency. 
Generally, the forming process is not finished in one step, but need to divide several steps. It is 
normally conducted by the transfer press machine which needs many tools and feeding devices. To 
save a number of tools and machines, space, and improve the shape accuracy, the one-stroke forming 
is getting a lot of attention, in which the material transfer is unnecessary. Hoden Seimitsu Kako 
Kenkyusho Co. Ltd. has developed one shot forming using the multi action press in macro scale as 
shown in Fig. 3.2 [3-6]. It can conduct the several steps while the punch travels once in axial 
direction by controlling the movement of inner and outer slides separately. Aisin AW Co., Ltd. and 
Mori Iron Works Co., Ltd. have developed one-stroke press with multi action press to realize the 
inline production as shown in Fig. 3.3 [3-7]. It can fabricate the products in one step, which is 
previously fabricated in 6~13 steps using the large transfer press. This one-stroke forming can not 
only miniaturize the machine, but also improve the positioning, avoid the eccentric load, and reduce 
the load capacity of press machine. 
This method also has some advantages in micro scale. The feeding and positioning devices with 
high accuracy and expensive machine can be unnecessary. For this reason, the MHDD process 
adopts the one-stroke forming process, in which all the forming processes are carried out coaxially, 
material transfer becomes unnecessary and high shape accuracy is realized. 
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Fig. 3.3  Schematic illustration of one-stroke forming by multi-axis double-acting servo press [3-7].  
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3.2.2. Blank holder method                        
 
The blank holder method is important to eliminate the wrinkling and also affects the generation 
of fluid pressure in HDD. Therefore, it significantly affects the wrinkling and fracture limits. 
Manabe et al., classified and characterized the blank holder methods as listed in Table 3.1 [3-8]. The 
constant blank holder force method is most popular in macro scale because most of press machine 
adopts the die cushion. On the other hand, it is difficult to control the blank holder force with high 
accuracy especially in micro scale. For this reason, the constant gap method, in which the gap 
between the die and blank holder is fixed during the forming process, was adopted in MHDD. It can 
stabilize the forming process and improve the productivity because highly accurate force or position 
controls are unnecessary. As mentioned above, the contact gap method is effective in MHDD. 
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3.2.3. Sealing method                           
 
The sealing is important to generate the fluid pressure in HDD. The sealing location can be 
classified as follows; 
1) Sealing between blank and die 
2) Sealing at the edge of blank 
The sealing between blank and die is required to generate the counter pressure in die cavity, and 
the sealing at the edge of blank is required to generate the radial pressure at blank edge after the fluid 
medium leaks between the blank and die as shown in Fig. 3.4. On the other hand, the sealing method 
normally can be classified as follows; 
1) By contact pressure between blank and die caused 
2) By sealing material 
The contact pressure between the blank and die can be controlled by the blank holder force, die 
shoulder radius, and constant gap [3-9]. This is used to generate the counter pressure in die cavity. 
O-ring or and other materials are used as the sealing material to generate the radial pressure at blank 
edge. 
However, the edge of blank cannot be sealed in MHDD by the sealing material because there is 
not space at the edge of blank at the blanking and drawing processes. Therefore, the clearance 
between the die and the bush was made small, as shown in Fig. 3.4, to seal at the edge of blank and 
generate the radial pressure at the blank edge. Considering the feasible shape accuracy, we adopted a 
clearance of 1 μm for the MHDD die used in this study. 
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3.2.4. Forming processes                         
 
Fig. 3.5 shows the forming processes of the developed MHDD apparatus. It is divided 4 stages 
as follows; 
1) The drawing die (blanking punch) is fixed, whereas the upper die including the drawing punch, 
the blank holder, the blanking die, and the bush moves downward. In this stage, the clearance 
between the drawing die and the bush becomes small, as a result, the die cavity is sealed and a 
counter pressure is generated. 
2) When the upper die moves further downward, the killer sheet integrated with the blank holder is 
fixed because of the killer pins, causing the blank holder to be simultaneously fixed. Thus, only 
the drawing punch, blanking die, and bush move downward during the blanking process. 
3) During drawing, the drawing punch moves downward while maintaining a constant gap between 
the drawing die and the blank holder. By controlling the length of the killer pins, an arbitrary 
constant gap is maintained. 
4) When the stroke reaches the bottom dead point, the upper die starts to move upward and the 
drawn cup is taken out the knockout process. 
As explained above, the four processes, i.e., pressure generation, blanking, drawing, and 
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3.2.5. Outline of MHDD Apparatus                     
 
(1) Tooling structure 
Fig. 3.6 shows the schematic of the MHDD die and hydraulic system. In general, a multiaxial 
servo press is used for one-stroke forming, whereas the developed MHDD apparatus adopts a 
uniaxial servo press to perform one-stroke forming. Therefore, we design a die structure that can 
reproduce the behavior of a multiaxial servo press inside the die and simplify the structure of the 
entire MHDD apparatus. Each side of the MHDD die developed is as small as ~100 mm. The 
drawing die (blanking punch), blanking die, drawing punch, or bush is independently replaceable, 
accommodating various dimensions of components simply by changing individual parts. In addition, 
tools with a high shape accuracy were used; the tolerance of the blanking and drawing tools are 
±0.001 and ±0.010 mm at the flat and curved parts, respectively. To measure the punch force, an 
ultra small compression-type load cell with a rating capacity of 20kN (KYOWA：LMR-S-20KN) 
was incorporated in the die so that the force directly applied to the drawing punch is transferred to 
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(2) MHDD system 
The desk top servo screw press machine (SEKI CORPORATION: MS50M) shown in Fig. 3.7 
was used with the MHDD apparatus. The specifications of the servo screw press machine were as 
follows: load capacity, 50 kN; die height, 130 mm; maximum stroke, 37 mm; positioning accuracy, 
0.4 μm. Table 1 summarizes the specifications of the MHDD apparatus. In the hydraulic system, a 
relief valve to control the maximum counter pressure (RIKENKIKI: RV-13), a stop valve to suppress 
the rate of the flow into the die (RIKENKIKI: V-13C), and a hydraulic pump with a maximum 
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Load cell Rating capacity [kN[ 20 
Servo screw press machine 
Load capacity [kN] 50 
Motion resolution [nm] 400 
Die height [mm] 130 





Pump pressure [MPa] 20 
Relief valve [MPa] 70 
Stop valve 
Tool set 
Forming process  One-stroke forming 
Pressure generation method 1μm clearance between tools 
Blank holder method Constant gap method 
Tolerance 
Flat part [mm] ±0.001 
Radius part [mm] ±0.01 
 
  
Development of MHDD System and 
Its Basic Drawing Characteristics 
- 126 - 
 
 03 
3.3. Experiment of MHDD                       
 
3.3.1. Materials used                           
 
Phosphor bronze foils (C5191-H), stainless steel (SUS304-H), and pure titanium (TR270C-H) 
with thickness 𝑡 of 20 and 50μm were used in the experiment. The tensile test was conducted to 
obtain the mechanical properties of materials used. The dimension of tensile test specimen was 
determined based on DIN EN 50125-H6x30 standard for the thickness range from 10 to 500μm as 
shown in Fig. 3.8. The video type noncontanct ductilometer (SHIMAZU: DVE-201) was adopted to 
eliminate the influence to the mechanical properties by contact of strain gauge. Fig 3.9 shows the 
used tensile test machine (SHIMAZU AG-50kN IS). The tensile test was conducted with the strain 
rate 4×10
-4
/s at the room temperature. The nominal stress-strain curves for each thickness and 
material are shown in Figs. 3.19 and 3.11. The obtained material properties for each thickness and 
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3.3.2. Experimental procedure                       
 
Fig. 3.12 shows the appearance of tooling dimension with the drawing ratio 𝐷𝑜 𝐷𝑝⁄ =1.74. Two 
punch diameters 𝐷𝑝 =0.76, 1.90mm were used and the tooling dimensions were changed in 
geometrical similarity. For 𝐷𝑝 =0.76mm, large punch shoulder radius 𝑟𝑝 =0.25mm was also used. 
The tooling dimensions used in experiment is listed in Table 3.4. The appearance of drawing die and 
drawing punch is shown in Fig. 3.13. It can be seen that they are almost the same size with 
mechanical pencil lead as shown in Fig. 3.13. To examine the effect of the constant gap on the 
wrinkling, the experiments were carried out under five conditions, constant gap ℎ = 1.10𝑡, 1.20 𝑡, 
1.30 𝑡, 1.40 𝑡, and 2.40 𝑡 by the conventional MDD in the dry friction. For MHDD, a forced 




/s) as a pressure medium. The 
temperature was controlled by cooling the hydraulic oil with water. The drawing rate was 0.4 mm/s. 
To observe the drawn micro cups, the microscope (KEYENCE: VHX-900) shown in Fig. 3.14 was 
used. 
As mentioned in Chapter 2.2, the change of friction force in MHDD was evaluated by the 
effective punch force 𝑃𝐸. It can be expressed as 
          𝑃𝐸 = 𝑃𝑀 − 𝑃𝑝 = 𝑃𝑆 + 𝑃𝐹 + 𝑃𝐵 + 𝑃𝑈𝐵                                                                                               (3.1) 
where, 𝑃𝑆 is the pure drawing force at the flange, 𝑃𝐹 is the friction force between the blank and 
tools and 𝑃𝐵 and 𝑃𝑈𝐵 is the bending and unbending forces at the die shoulder. In the same tooling 
conditions, 𝑃𝑆 and 𝑃𝐵 can be considered to be almost equal even if the fluid pressure increases. 
Therefore, the change of effective punch force shows the change of friction force. 
 
 
Table 3.4  List of tooling dimensions used in experiments for each foil thickness. 
Foil thickness t [mm] 0.020 0.050 
Blank diameter D0 [mm] 1.320  3.300  
Drawing punch diameter Dp [mm] 0.760  1.900  
Die diameter Dd [mm] 0.816  2.040  
Drawing punch shoulder radius rp [mm] 0.040  0.100  
Drawing die shoulder radius rd [mm] 0.080, 0.250  0.200  
Clearance between punch and die c [mm] 0.028 0.070 
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Fig. 3.14  Appearance of digital microscope.  
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3.4. Experimental Results                       
 
3.4.1. Determination of appropriate constant gap              
 
Fig. 3.15 shows the effect of the constant gap between the blank holder and the drawing die on 
the punch force-stroke curves in MDD using phosphor bronze with 𝐷𝑝 =1.9mm. As the punch 
travels, the punch force increases and reaches the maximum punch force. After that, the punch force 
decreases and the ironing force occurs when the wrinkling flows into the die cavity and is 
compressed between the punch and die side wall. In the latter half of the forming process, the 
constant punch force observed is the sliding force generated as a result of the sliding of the cup edge 
against the die side wall. 
At ℎ =1.10𝑡 a normal punch force-stroke curve is obtained. However, for ℎ > 1.10 𝑡, ironing 
force of wrinkles is observed after the force reaches the maximum; the ironing and the sliding forces 
increase with increasing constant gap. When the cups formed at ℎ =1.10 𝑡 and 2.40 𝑡 are compared, 
flange wrinkles are observed in the cups formed at ℎ =2.40 𝑡, whereas wrinkles are generated only 
at the cup edge at ℎ =1.10 𝑡, with reduced the wrinkles height. This result indicates that for large 
gaps, the blank holder does not function properly, leading to the generation of flange wrinkles. When 
the flange wrinkles are crushed, the ironing force is generated and the sliding force increases. For 
small gaps, in contrast, the blank holder functions properly, which reduces the wrinkles height, 
leading to the suppression of the ironing force and reduction in the sliding force as shown in Fig. 
3.16. Under the forming conditions adopted in this study, the appropriate constant gap was 
determined to suppress the wrinkling, although it was impossible to completely prevent wrinkling by 
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Fig. 3.15  Effect of gap between blank holder and drawing die on punch force-stroke curve 
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Fig. 3.17 shows the normalize punch force-stroke curves in MDD with 𝐷𝑝 =1.9mm, and 
ℎ =1.10𝑡. The difference of normalized punch force shows the difference of n value and friction 
force because the punch force is normalized by yield stress. The ironing force appears in stainless 
steel, although it does not appear in phosphor bronze and pure titanium. It is known that the 
allowable blank holder pressure to avoid the wrinkling is dependent on Young’s modules [3-10]. 
Young’s modules in stainless steel is higher than that of the phosphor bronze and pure titanium, 
although, it is almost the same between the phosphor bronze and pure titanium. It means that the 
high blank holder pressure is required in stainless steel. Therefore, the constant gap for stainless steel 





Fig. 3.17  Normalized punch force-stroke curves for each material (Constant gap ℎ =1.10𝑡 , 
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3.4.2. Determination of appropriate clearance for generating counter 
pressure                                  
 
Fig. 3.18 shows the counter pressure-stroke curve and the punch force-stroke curve during the 
MHDD process. As shown in Fig. 3.5, the forming processes consist of (1) counter pressure 
generation, (2) blanking, (3) drawing, and (4) pressure release and knockout. Stable counter pressure 
was found to be generated during drawing when the clearance between the drawing die and the bush 
was set to 1 μm. The counter pressure did not decrease during the drawing process, which proves 
that the pressure medium did not leak from the blank edge. Namely, the process is a radial 
pressure-aided deep drawing by an indirect method in which a compressive force is applied from the 
blank edge radially inward [3-11]. By this method, the friction force is reduced by the leakage of 




Fig. 3.18  Counter pressure- and punch force-stroke curves during MHDD process (Phosphor 
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3.4.3. Appearance of drawn micro cups                  
 
Fig. 3.19 shows the deformation processes of blank during MHDD. It can be seen that the 
blanking and drawing processes were conducted coaxially when the punch travels once. Fig. 3.20 
shows drawn micro cups obtained under the different punch diameters and punch shoulder radii for 
MDD and MHDD. At 𝐷𝑝 =0.76mm and 𝑟𝑝 =0.04 mm, the cups were unsuccessfully drawn. At 
𝐷𝑝 =1.9mm and 𝑟𝑝 =0.10 mm or 𝐷𝑝 =0.8mm and 𝑟𝑝 =0.25 mm, the cups were successfully 
drawn for both MDD and MHDD. The MHDD apparatus can be used to form micro cups with 
diameters ≤ 1 mm. The above results confirmed that the MHDD apparatus with a simple tooling 
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Fig. 3.21 shows the appearance of micro cups obtained by MDD and MHDD. The drawn micro 
cups with 𝐷𝑝 =0.8 and 2 mm are smaller than a rice grain. Fig. 3.22 shows a cross section of a 
drawn cup. The micro cup was successfully drawn at 𝐷𝑝 =1.9mm and a sharp punch shoulder of 






















Development of MHDD System and 
Its Basic Drawing Characteristics 
- 137 - 
 
 03 
3.4.4. Effect of fluid pressure on drawability                 
 
(1) Effect of fluid pressure on wrinkling and fracture in MHDD 
Fig. 3.23 shows the appearance of cups of the three materials, fabricated by MDD and MHDD. 
For stainless steel, wrinkling occurred at the cup edge even for appropriate constant gaps in MDD. In 
contrast, wrinkling was suppressed at the cup edge obtained by MHDD with applying counter 
pressure of 15 MPa. The applying counter pressure causes the blank to be pushed against the blank 
holder. This compressive force acts as the suppressive force of wrinkling. However, when the 
counter pressure was increased to 20 MPa in MHDD, the cup was fractured at the punch shoulder. 
The wrinkling prevention effect by the applying counter pressure during MHDD can be observed for 




Fig. 3.23  Appearance of wrinkling, success and fracture cups in MDD and MHDD at each 
material. 
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Fig. 3.24 shows the effect of counter pressure on the occurrence of wrinkling and fractures 
during MHDD. When the counter pressure normalized by Young’s modulus (𝑝 𝐸⁄ ) is smaller than a 
certain value, wrinkling occurs (wrinkling zone), whereas the cups fracture when 𝑝 𝐸⁄  is larger than 
a certain value (fracture zone). When 𝑝 𝐸⁄  falls between these two values, cups without the 
wrinkles and fractures are obtained (success zone). For the pure-titanium foil, the size of wrinkles 
decreases with applying the counter pressure (Fig. 3.23); however, the cups fracture before wrinkles 
are completely removed, not showing the successful zone. This is because the friction force for the 
pure titanium foil becomes too large and the fracture zone shifts to the low-pressure side, leading to 
the fracture zone merging with the wrinkling zone and the disappearance of the success zone. The 
successful zone for pure-titanium foils may be obtained by improving the lubrication to decrease the 
friction force and shift the fracture zone to the high pressure side. 
The critical blank holding pressure in cylindrical deep drawing 𝑝𝑐𝑟 normalized by Young’s 
modulus is predominantly determined by the tool dimensions alone [3-10]. It can be expressed as  
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and 𝜔𝑐𝑟 is the specific wrinkle height. Eq. (3.2) means that the wrinkling zone exists at a certain 
𝑝 𝐸⁄  or less under the same tool conditions and the counter pressure in MHDD functions 
equivalently to the blank holder.  
From the above, the applying appropriate counter pressure in MHDD is considered to prevent the 
wrinkling and reduce the friction force, leading to the improvement of the forming limit in the 
MHDD. However, the fracture occurs at punch shoulder before applied fluid pressure reaches the 
ultra high pressure. It shows that the advantages of ultra high pressure as mentioned in Chapter 2 
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Fig. 3.24  Effect of counter pressure normalized by young modulus on occurrences of wrinkling 
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(2) Effect of fluid pressure on friction force in MHDD 
Fig. 3.25(a) shows the effect of counter pressure on normalized punch force-stroke curves in 
stainless steel. The effective punch force is normalized to cup cross section at side wall π × (𝐷𝑝 +
𝑡)𝑡 and tensile strength 𝜎𝐵. The maximum possible punch force is expressed by (π × (𝐷𝑝 + 𝑡)𝑡)𝜎𝐵. 
Thus, the normalized maximum effective punch force can be written for different blank materials by 
the above maximum possible punch force. The normalized effective punch force increases as the 
counter pressure increases. The difference in the effective punch force represents the difference in 
the friction force. Hence, it shows the increase of friction force. When the counter pressure 
excessively increases, the fracture occurs at punch shoulder. These behaviors are also observed in 
phosphor bronze and pure titanium. 
Fig. 3.26 shows the effect of counter pressure on normalized maximum effective punch force 
and normalized counter pressure relations for various materials. In the experimental results, the 
maximum punch force of MDD decreases once when the counter pressure is applied. As the counter 
pressure is increased, the maximum punch force increases when counter pressure exceeds 
𝑝𝑐 𝐸⁄ =0.02. The change of normalized maximum effective punch force shows the change of 
friction force. This means that the friction force increases as the counter pressure increases in 
MHDD. As a result, the fracture occurs at the punch shoulder when the high counter pressure is 
applied, as shown in Fig. 3.23. This behavior is observed in all of the three materials. 
The theoretical result shows the same tendency with the experimental result as shown in Fig. 
3.27. This is because the application of counter pressure lubricates the blank and at the same time 
increases the contact pressure between the blank and blank holder as shown in Eq. (2.26). The 
counter pressure plays a role of blank holder pressure in the constant gap method. This means that 
the application of counter pressure almost linearly increases the friction force and the fracture occurs 
at punch shoulder due to the excessive punch force in MHDD using the constant gap method. It is 
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(c) Pure titanium (TR270C-H) 
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Fig. 3.27  Effect of fluid pressure on normalized maximum effective punch force in experiment and 
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(3) Comparison of drawing characteristics and fluid behavior in HDD and MHDD 
In conventional HDD, the fracture typically occurs at punch shoulder at high counter pressure as 
shown in Fig. 3.28. High fluid pressure induces the hydrodynamic lubrication which improves the 
tribological behavior and the friction holding effect, which can reduce the applied force to blank at 
the punch shoulder. Moreover, a friction holding effect which can reduce the applied force to blank 
at the punch shoulder. These mean that the fracture does not occur at the punch shoulder, but rather 
at the die shoulder when the blank is subjected to excessive reverse bulging deformation at the die 
shoulder [3-11]. It appears that the characteristics of fluid pressure are different in HDD and MHDD 
and these differences cause the difference in the type of fractures. 
The differences in the tribological behavior and fracture types are resulted from the fluid 
behavior. In conventional HDD, the fluid pressure temporarily decreases at the early and middle 
stages which show the leakages between the blank-die and the blank-blank holder, respectively, as 
shown in Fig. 3.29. These leakages cause the hydrodynamic lubrication in the flange area and reduce 
the friction force but there is no decrease in fluid pressure in MHDD. This shows that there is no 
hydrodynamic lubrication in MHDD. This is the reason for the high friction force in MHDD. 
According to Eq. (2.50), the required fluid pressure for hydrodynamic lubrication 𝑝ℎ can be 
obtained as shown in Fig. 3.30. The fluid pressure required for hydrodynamic lubrication increases 
with the decrease of 𝐷𝑝 𝑡⁄ . In particular, the quite high fluid pressure is required to leak the fluid 
medium in micro scale in which 𝐷𝑝 𝑡⁄  approximately ranges from 10 to 100. This is because the 
contact pressure at the die shoulder and the sealablity become high at the small 𝐷𝑝 𝑡⁄ , in which the 
die shoulder radius is relatively small compared to the blank thickness. For this reason, the 
hydrodynamic lubrication cannot be obtained in MHDD even though the maximum pressure of 
pump 𝑝 =20MPa is applied. These results indicate that the low lubrication in MHDD is caused by 
small 𝐷𝑝 𝑡⁄  and low applied fluid pressure. 
 
 
      
(a) Fracture at die shoulder in conventional HDD   (b) Fracture at punch shoulder in MHDD 
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3.4.5. Effect of fluid pressure on shape accuracy              
 
Fig. 3.31 shows the effect of counter pressure on the shape accuracy at the bottom of cups. In 
stainless steel, the bottom shape obtained by conventional MDD is convex with respect to the punch, 
whereas the bottom shape obtained by MHDD with the application of counter pressure is concave; 
thus, the bottom shape obtained by MDD is different from that obtained by MHDD. In addition, the 
concave deformation toward the punch increases with increasing counter pressure during MHDD. 
The same behavior was observed in phosphor bronze; nevertheless, the bottom shape is convex 
obtained even by applying counter pressure in pure titanium as shown in Fig. 3.31(c). However, the 
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(c) Pure titanium 
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Fig. 3.32 shows the blank statement during MDD and MHDD. In conventional MDD, the 
bottom of the cup is subjected to bulge deformation by the bending moment during deep drawing, 
resulting in a convex shape with respect to the punch. In contrast, when the fluid pressure that 
counters the bending moment is applied to the bottom during MHDD, the convex bulge deformation 
is suppressed and a flat cup bottom is formed. However, the fitness between the punch and the blank 
is increased by increasing the counter pressure and a negative pressure is generated during the 
knockout stage. The counter pressure is continuously applied until the end of the knockout stage, 
leading to a concave shape with respect to the punch. The negative pressure can be suppressed by 
making a hole at the center of the punch or a small groove on the side wall of the punch. The 
concave cup bottom obtained by MHDD can be made flat by controlling the tool and forming 
conditions. These results confirmed that the shape accuracy at cup bottom is improved by applying 
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Fig. 3.33 shows the effect of counter pressure on shape accuracy at side wall. The fitness at side 
wall is low in MDD; however, it can be improved by applying counter pressure 𝑝𝑐 =20MPa in 
MHDD. It was revealed that the shape accuracy of micro cup can be improved by applying counter 
pressure in MHDD. However, the fitness near the punch shoulder is still low even though 
𝑝𝑐 =20MP is applied. It shows that the higher fluid pressure is required to obtain the good fitness at 
side wall; however, the fracture occurs at the punch shoulder before the applied fluid pressure is 
reached the ultra high fluid pressure as shown in Fig. 3.24. This result shows that the advantage of 
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Fig. 3.34 shows the effect of counter pressure on shape accuracy in tapered micro cups in 
MHDD. The shape accuracy at side wall is low in MDD. However, it can be significantly improved 
by applied 𝑝𝑐 =16MPa in MHDD. It can be seen that the improvement of shape accuracy by 
applying the fluid pressure in the tapered punch is more significant than the flat punch. Furthermore, 
the cup height increases with increasing the counter pressure [3-12]. The aspect ratio of 0.7 can be 
obtained by applying 𝑝𝑐 =16MPa in MHDD. However, the high aspect ratio cannot be achieved 
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Fig. 3.35 shows the effect of counter pressure on flatness at bottom of cup for each material. The 
flatness at bottom of cup is normalized to punch diameter to eliminate the difference of stiffness for 
each material and tooling dimension. The fitness at cup bottom increases with increasing the counter 
pressure. However, the fitness at bottom of cup decreases with increasing counter pressure in 
conventional macro HDD. The opposite behavior is observed for shape accuracy between the macro 
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3.5. Concluding Remarks                          
 
In this chapter, an MHDD apparatus with the simple forming processes and tooling structure, 
and the high shape accuracy of drawn components was developed. In addition, the effect of fluid 
pressure on basic drawing characteristics in MHDD was experimentally investigated. The following 
conclusions were obtained. 
 
1) A servo-type MHDD apparatus with a simple structure and a small-clearance die structure was 
successfully developed, which can reproduce a multiaxial press by one-stroke forming and the 
constant-gap method. 
 
2) It was confirmed that the developed MHDD apparatus can prevent the wrinkling with a constant 
gap of h = 1.10to and generate the counter pressure with the clearance between tools of 1 μm that 
is sufficient to achieve a stable sealing. The micro cups with a diameter of 0.8 mm and a sharp 
cup with a diameter of 2.0 mm and a punch shoulder radius of 0.1 mm were successfully 
formed. 
 
3) The application of appropriate counter pressure can successfully fabricate the micro cups 
without the wrinkling at the low counter pressure and the fracture at the excessive counter 
pressure. Furthermore, the shape accuracy at cup bottom and side wall can be improved by 
applying the counter pressure in MHDD. It was clarified that the counter pressure can improve 
the forming limit and shape accuracy in MHDD. 
 
4) The fracture occurs at punch shoulder before the applied fluid pressure reaches the ultra high 
pressure. It means that the friction in flange area becomes significant due to the increase of 
contact pressure between the blank and blank holder before the friction reduction by 
hydrodynamic lubrication can be obtained with increasing the counter pressure. 
 
5) The good fitness cannot be obtained near the punch shoulder even though the maximum 
applicable counter pressure is applied. It is because that the ultra high pressure is required to 
obtain the high fitness in MHDD due to the high stiffness in small 𝐷𝑝 𝑡⁄ ; however, the fracture 
occurs before the applied fluid pressure reaches the ultra high pressure. Furthermore, the high 
aspect ratio cannot be obtained even though the taper punch is used. 
 
 
From the above, the effect of fluid pressure on basic forming characteristics in MHDD was 
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experimentally clarified. It was found that the fluid pressure is effective to improve the wrinkling 
limit and the shape accuracy in micro scale as with macro scale. However, the advantages of ultra 
high pressure cannot be obtained in MHDD due to the fracture. Therefore, the high shape accuracy, 
high friction reduction and significant improvement of forming limit cannot be achieved in MHDD. 
A new idea to realize the advantage of ultra high pressure without the fracture in micro scale is 
required. 
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4.1. Introduction                            
 
As mentioned in Chapters 2, and 3, the fluid pressure has some advantages in micro sheet 
forming to improve the tribological behavior, shape accuracy, and drawability. In particular, the 
application of ultra high fluid pressure is required to realize the advantages of fluid pressure in 
MHDD. However, it seems that the simple scaling down of this technique cannot achieve the 
significant improvement of drawability in MHDD. It is because the fracture occurs before the 
applied fluid pressure reaches the ultra high pressure in MHDD. It shows that the advantages of ultra 
high pressure cannot be brought out in simple scale down of sheet hydroforming process. A new 
concept to realize the ultra high pressure in micro scale is required to realize the high forming limit 
and high shape accuracy. 
From the above, an incremental forming technique is combined to the micro sheet hydroforming 
process to avoid the fracture and improve the forming limit significantly. A novel forming method, a 
micro incremental sheet hydroforming process is proposed. In particular, a deep drawing process in 
micro incremental sheet hydroforming, micro ultra deep drawing (MUDD), is focused on. In this 
chapter, MUDD process using the ultra high pressure and incremental control of tooling and pressure 
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4.2. Design of MUDD Process                     
 
4.2.1. Difficulties in micro sheet hydroforming               
 
The difficulties in MHDD process as mentioned in Chapters 2 and 3 are reviewed and 
summarized as follows: 
 
(a) High relative bending stiffness 
The relative bending stiffness increases with scaling down to micro scale due to the high relative 
punch diameter to minimum thickness 𝐷𝑝 𝑡⁄ . It means that the friction holding effect, which can 
reduce the applied force at the punch shoulder, hardly occurs in micro sheet hydroforming. In 
addition, the shape accuracy cannot be improved under the fluid pressure of 100MPa. Therefore, the 
ultra high pressure is required to deform the blank and improve the shape accuracy in micro sheet 
hydroforming. 
 
(b) High sealablity  
The sealablity increases as the specimen size decreases due to the high relative die shoulder 
radius to minimum thickness 𝑟𝑑 𝑡⁄ . It means that the hydrodynamic lubrication effect, which can 
reduce the friction force between the blank and tools, cannot be obtained at low fluid pressure. On 
the other hand, the lubrication in OLPs can improve the tribological behavior and its effect increases 
with scaling down to micro scale; however, the high fluid pressure is still required to obtain the 
sufficient improvement of tribological behavior in micro sheet hydroforming. 
 
(c) Increase of friction force with increasing fluid pressure 
With increasing the fluid pressure, the friction force between the blank and blank holder 
increases due to the increase of contact pressure between them. As a result, the excessive thinning 
and the fracture occur at punch shoulder before the friction holding and hydrodynamic lubrication 
effects are obtained. It means that the advantages of ultra high pressure cannot be obtained in 
MHDD due to the fracture. 
 
 
Thus, the micro sheet hydroforming using ultra high fluid pressure can effectively improve the 
shape accuracy and tribological behavior; however, the simple application of ultra high pressure 
causes the large thinning at the punch shoulder. To develop the new MUDD process, these 
difficulties should be considered and overcome.  
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4.2.2. Concept of new MUDD process                    
 
As mentioned in Section 2, it was found that the ultra high pressure is useful to obtain the 
fracture restriction effects and improve the shape accuracy; however, it cannot be simply applied in 
MHDD process due to the fracture. A new technique to avoid the fracture and improve the forming 
limit is required. Generally, the thickness reduction is resulted because the blank is deformed by the 
traction force of punch and is subjected to the applied force at the punch shoulder in the 
conventional deep drawing. Furthermore, the deformation area is localized at the same place; punch 
shoulder. Therefore, the fracture is resulted at the punch shoulder. 
To avoid the fracture and improve the forming limit, material flow control and control of 
deformation area is effective. These techniques are utilizing in the incremental forming [4-1] and the 
flange pressing [4-2], and the high improvement of forming limit was achieved. By controlling the 
material flow, the deformation state of blank during the forming process can be controlled. It is 
possible to reduce the tensile deformation at the punch shoulder and the fracture can be avoided. On 
the other hand, if the deformation area can be controlled, the deformed area is not localized at the 
same place, but can be moved to the desired area step by step as with the strain allocation [4-3]. As a 
result, the local thinning can be avoided and the fracture limit can be improved. 
As mentioned above, the material flow control and the control of deformation effectively 
improve the forming limit. By combining the above incremental forming techniques in micro sheet 
hydroforming process, it is expected to obtain the advantages of ultra high pressure and significant 
improvement of forming limit in micro scale. Accordingly, a new forming process, micro ultra deep 
drawing (MUDD), is developed using the ultra high pressure and incremental control, such as the 
material flow control and control of deformation area. The concept of new MUDD process is shown 
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Fig. 4.1  Concept of new micro ultra deep drawing process. 
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4.2.3. Process sequence of MUDD                     
 
Fig. 4.2 shows the micro ultra deep drawing process. The newly proposed process is performed 
at the 2nd drawing stage. The 2nd punch is inside of the 1st punch to perform the 1st and 2nd 
drawings at the same axis.  
1) The 1
st
 drawing is performed to make cup shape. The 1
st
 punch goes down until the blank 
contacts with the step part of die. 
2) The 1
st
 punch is lifted up and the space is made between the 1
st
 punch and the blank. This 1
st
 
punch displacement is defined as ∆𝑠. At the same time, the stopper is made contact to the blank 
edge to restrict the upward movement of blank. 
3) The ultra high pressure is applied so as to be disappeared the space between the 1
st
 punch and 
the blank. The stopper is fixed when the ultra high pressure is applied. At this stage, the blank 







 punch lifts down the total value of punch displacement ∆𝑠 and the flange pressing 
amount ∆𝑡. The 2nd punch and stopper also lift down by keeping the contact with the cup 
bottom and the cup edge, respectively. The blank thickness at the flange area can be controlled 
by the flange pressing between the 1
st
 punch and the step part of die in this stage. 
These stages 2, 3 and 4 are regarded as 1 cycle. By continuing several cycles, the long micro cup 
can be drawn. Thus, the material flow can be controlled and the applied force at the punch shoulder 




Fig. 4.2  Forming process of micro ultra deep drawing.  
Incremental control in each step
Micro ultra deep drawing process （2nd drawing）1st drawing























Ultra high pressure：pc, pr
Flange pressing：Δt
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4.3. FEM modeling of MUDD                      
 
4.3.1. FEM model for MUDD                        
 
The numerical analysis was carried out with an explicit dynamic FE code, LS-DYNA ver.971. 
The blank was modeled as the solid of isotropic elastoplastic, and the tools were modeled as the shell 
of rigid body. The 8-node solid elements with isotropic elastic-plastic body model were used for the 
blank, and the tools were treated as the rigid bodies as shown in Fig. 4.3. Only one-quarter of the 
blank and the tools were simulated owing to symmetry. The blank has 5 elements in thickness 
direction, 100 elements in radial direction, and has the 10 integration points in thickness direction. 
The stainless steel foil (SUS304-H) of 50μm thickness was employed for FEM. The blank has 53613 
solid elements and the tools totally have 13124 shell elements. To eliminate the vibration by upward 
and downward movement of 1
st
 punch in MUDD process, the dumping coefficient was applied to the 
blank. The simulation time and the punch speed were 19s and 125mm/s. For the mechanical 
properties, Young’s modulus 𝐸 =197GPa and yield stress 𝜎𝑦 =589MPa were used. A real 
stress-strain curve obtained by tensile test shown in Fig. 4.4 was input into FEM directly as the 
plastic stress-strain curve. 
 
 
          
(a) Whole model           (b) State in 1
st
 drawing                (c) State in 2
nd
 drawing 
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Equivalent plastic strain  εeq
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4.3.2. Numerical conditions                         
 
The tooling dimensions used in MUDD are listed in Table 4.1. The geometrical parameter for 
tooling in MUDD is shown in Fig. 4.5. The tooling dimensions with the 1st, 2nd and total drawing 
ratios 𝐷𝑅 = 𝐷𝑅1 × 𝐷𝑅2 =1.8×2.3=4.14 and 𝐷𝑅1 =1.8, 𝐷𝑅2 =3.0 and 𝐷𝑅 =5.4 was basically 
used to investigate the deformation behavior in MUDD. To investigate the drawability in MUDD, 
the tooling dimensions for 𝐷𝑅 = 𝐷𝑅1 × 𝐷𝑅2 = 2.0 × 3.5 = 7.0 and 𝐷𝑅 = 𝐷𝑅1 ×
𝐷𝑅2 =2.0×5.0=10.0 were also adopted. At the 1
st
 drawing, the conventional MDD with constant 
gap method is adopted. The constant gap is ℎ =0.055mm. The static and kinetic friction coefficients 
𝜇𝑠, 𝜇𝑘 are listed in Table 4.2. At the 2
nd
 drawing, the process parameters used in MUDD, the punch 
displacement ∆𝑠, counter and radial pressures 𝑝𝑐, 𝑝𝑟, are listed in Table 4.3. The stopper was used 
to restrict the upward movement of cup edge. The counter and radial pressures were applied and 
varied in each cycle until the blank contacts with the bottom of 1
st
 punch at flange area. The 2
nd
 
punch and stopper was fixed at the steps 2 and 3 and applied the force control to keep the contact 
with the cup bottom and cup edge at step 4, respectively. The loading paths for the application of 




 punches are shown in Fig. 4.6. As the 
comparison, MDD and MHDD were also conducted in the 2
nd
 drawing. The forming conditions for 
each forming method are listed in Table 4.3. 
 
 
Table 4.1  Tooling dimension used in MUDD. 





 drawing ratios DR1×DR2 1.8×2.1 1.8×3.0 2.0×3.5 2.0×5.0 




 punch diameter Dp1 [mm]
 
0.944 1.330 1.554 2.220 
2
nd
 punch diameter Dp2 [mm] 0.444 0.444 0.444 0.444 
1
st
 punch shoulder radius rp1 [mm] 0.160 0.300 0.300 0.300 
1
st






 punch shoulder radius rp2 [mm] 0.222 0.222 0.222 0.222 




 die shoulder radius rd1 [mm] 0.200 0.200 0.200 0.200 
2
nd
 die shoulder radius rd2 [mm] 0.050 0.050 0.050 0.050 
Clearance between die and 1
st
 punch c1 [mm] 0.100 0.100 0.100 0.100 
Clearance between die and 2
nd
 punch c2 [mm] 0.100 0.100 0.100 0.100 
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Fig. 4.5  Geometrical parameters for tooling in MUDD. 
 
 





















MDD μs=0.35, μk=0.30 μs=0.35, μk=0.30 μs=0.02, μk=0.01 - 
MHDD μs=0.35, μk=0.30 μs=0.35, μk=0.30 μs=0.02, μk=0.01 - 
MUDD 
μs=0.02, μk=0.01, 
μs=0.35, μk=0.30  
μs=0.02, μk=0.01, 
μs=0.35, μk=0.30 
μs=0.02, μk=0.01, - 
 
 








 punch displacement 
Δs [mm] 
Counter and radial pressure 
pc, pr [MPa] 
MDD 0.055 - - 
MHDD 0.055 - pc=pr=100 
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(b) Change of loading path from 1
st
 cycle to 10
th
 cycle 
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4.4. Basic Deformation Characteristics in MUDD           
 
4.4.1. Drawn micro cups                          
 
Fig. 4.7 shows the deformation process of blank during MUDD. Through the 1
st
 and the 2
nd
 
drawings, the micro cup with total drawing ratio of 3.8 can successfully be fabricated by MUDD. 
Fig. 4.8 shows the appearance of micro cups drawn by different forming methods. For the 2
nd
 
drawing of MDD and MHDD, the local thinning occurs at the 2
nd
 punch shoulder and the micro cup 
cannot be drawn. On the other hand, the micro cup with aspect ratio of 2.0 can be successfully drawn 
in MUDD. It is because the thickness reduction at 2
nd
 punch is prevented in MUDD although the 
thickness significantly decreases at the 2
nd
 punch shoulder in conventional MDD and MHDD as 
shown in Fig. 4.9. It was found that MUDD can fabricate the micro cup with higher aspect ratio than 




Fig. 4.7  Deformation process of blank during MUDD ( 𝐷𝑅 = 4.14, 𝑝𝑐 = 𝑝𝑟 = 100MPa, 




Fig. 4.8  Appearance of micro cups drawn by different forming methods. 
 
Blank 1st drawing 2nd drawing
Drawing 
stage
1st drawing 2nd drawing
Forming
method
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Fig. 4.9  Comparison of thickness strain distribution for each forming method. 
 
4.4.2. Material flow in MUDD                        
 
Fig. 4.10 shows the material flow of blank at pressurization process in MUDD. By applying the 
ultra high pressure to the space between the blank and the 1
st
 punch, the blank at the 2
nd
 punch side 
wall and flange area flow into the inside. It shows that the application of ultra high pressure can 
enhance the material flow by counter pressure. In contrast, at the 1
st
 punch side wall of, the blank 
goes up by counter pressure. It prevents the 1
st
 punch material flow at the side wall unlike at the 
flange area. 
 
      
(a) Before applying ultra high pressure     (b) After applying ultra high pressure 
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4.4.3. Friction holding effect in MUDD                   
 
Fig. 4.11 shows the change of thickness distribution near the 2
nd
 punch shoulder during micro 
ultra deep drawing process. The thickness decreases at the blank which does not contact with the 2
nd
 
punch. However, after the blank contacts with the 2
nd
 punch, the thickness does not decrease due the 
friction holding effect. On the other hand, in MHDD, the thickness significantly decreases at the 2
nd
 
punch shoulder. It seems that the friction holding force at the 2
nd
 punch shoulder is not enough to 
prevent the thickness reduction. In the 2
nd
 drawing of MHDD, the friction holding force occurs not 
only at the 2
nd
 punch shoulder but also the 1
st
 punch shoulder. It increases the drawing resistance at 
the flange area. In addition, the blank is deformed by the traction force of punch in MHDD. The 
blank at the punch shoulder is subjected to the applied force during the forming process. Therefore, 
the applied force to blank becomes excessive and the fracture occurs. On the other hand, in MUDD, 
the blank is deformed by the ultra high pressure which enhances the material flow as shown in Fig. 
4.10. Therefore, the applied force to blank can be reduced. It is because that the friction holding 




Fig. 4.11  Change of thickness strain distributions near the 2
nd
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4.5. FEM Based Design of MUDD Process              
 
The basic deformation characteristics were clarified in Section 4. It can be seen that the material 
flow control by the ultra high pressure and punch displacement and the control of deformation area 
by constraint of blank deformation is important to achieve the high aspect ratio in MUDD process. 
They strongly depends on the tooling and process parameters. In MUDD, there are many parameters 
in MUDD and its relationship is not clarified. In this section, the effect of tooling and process 
parameters in MUDD are investigated and the forming condition is optimized. 
 
4.5.1. Effect of friction coefficient on deformation behavior         
 




 punches on 
change of strain distribution in thickness direction. For the low friction coefficient, the thickness 
reduces with repeating the cycles. In addition, the position of cup edge is almost the same during 
MUDD process. It is because the blank edge does not flow into the die cavity but moves upward at 
pressurization process as shown in Fig. 4.10. As a result, the excessive thinning occurs at punch 
shoulder due to no material flow and the concentration of deformation area at punch shoulder. On 
the other hand, for high friction coefficient, the thickness reduction occurs during at punch shoulder 
MUDD process, but is not significant. In addition, after the blank contacts with the 2
nd
 punch, the 
thickness does not reduce as shown in Figs. 4.12 (b) and 4.13. It is because the friction holding 
effect occurs and it restricts the thickness reduction at the contact area between the blank and the 2
nd
 




 punches are important to 
restrict the thickness reduction at punch shoulder by the friction holding effect.  
However, because MUDD uses the fluid medium to apply ultra high pressure, there is some 
possibility of inserting the fluid medium into the gap between the blank and punches. It is difficult to 
keep the dry friction between the blank and punches. Furthermore, the tensile stress in meridional 
direction occurs at the punch shoulder at pressurization stage as shown in Fig. 4.14. The tensile 
stress at punch shoulder can be reduced in the case of high friction coefficient; however, the tensile 
stress in meridional direction cannot be zero. It means that this process possibly has the risks of 
thickness reduction and fracture. It shows that the quite high forming limit cannot be achieved using 
high friction coefficient alone. 
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Fig. 4.13 Change of thickness strain distribution during MUDD process (𝐷𝑅 =5.4, taper punch, 





∆𝑠 =0.05mm, 𝑝𝑐 = 𝑝𝑟 =200~380MPa, 𝑡 =50μm). 
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 punches on meridional stress 
distribution during MUDD (𝐷𝑅 =5.4, taper punch, 𝑟𝑝𝑖1 =0.05mm, without stopper, 
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4.5.2. Effect of tooling conditions on deformation behavior         
 
Fig. 4.15 shows the effects of existence of stopper and punch shape on change of strain 
distribution in thickness direction. In flat punch without stopper, the excessive thinning occurs at 





 punches as shown in Fig. 4.15.(a). By adding the stopper, the thickness reduction does 
not occur during MUDD process and the excessive thinning can be avoided even though the friction 




 punches are low as shown in Fig. 4.15.(b). However, the 
thickness is still reduced at 2
nd
 punch shoulder and the excessive thickening occurs at 1
st
 punch 
shoulder as shown in Fig. 4.16 (a). In the case of taper punch, the excessive thinning can also be 
avoided using the stopper, although it occurs without the stopper as shown in Figs. 4.15(c) and (d). 
Moreover, the thinning does not occur at the 2
nd
 punch shoulder and the excessive thickening can be 
restricted as shown in Fig. 4.16(b). 
By using the stopper in MUDD process, the blank is subjected to the compression stress in 
meridional direction unlike no stopper as shown in Figs. 4.14(a) and 4.17. It is because the 
deformation and movement of blank at the 1
st
 punch side wall is constrained by the stopper. Hence, 
the deformation area of blank is localized at the flange area and the material flows into the die cavity. 
Therefore, not the tensile stress, but the compression stress occurs in flange area by using the stopper 
in MUDD. It is why the excessive thinning can be avoided in flat and taper punch with stopper.  
However, because the compression stress occurs in pressurization stage by using the stopper, the 
buckling in meridional direction occurs at flange area. Particularly, the buckling is large in the case 
of flat punch and the insufficient material flow is resulted in area A as shown in Fig. 4.15(b). This 
insufficient material flow in area A causes the lack of material flow in area B and thinning at the 2
nd
 
punch shoulder is resulted. At the same time, the excessive thickening occurs because the material 
dose not flow from area A to the die cavity but the material flows from the 1
st
 punch side wall to area 
A. As explained above, the nonuiform material flow in areas A and B causes the thinning behavior at 
the 2
nd
 punch shoulder and the excessive thickening behavior at the 1
st
 punch shoulder in the flat 
punch with stopper. 
On the other hand, in the case of taper punch, the buckling in the meridional direction can be 
significantly improved and the material flow becomes uniform as shown in Fig. 4.15(d). Therefore, 
the thinning at the 2
nd
 punch shoulder and the excessive thickening at the 1
st
 punch shoulder can be 
avoided because the material flows into the die cavity properly. As mentioned above, the stopper and 
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(d) With stopper in taper punch 
Fig. 4.15  Effect of stopper and punch shape on strain distribution in thickness direction at 






































Distance from cup center  x/Dp
1st drawing
MUDD (2nd drawing)
Process Design of MUDD 
Using Ultra High Pressure and Incremental Control 






(b) In taper punch 
Fig. 4.16 Change of thickness strain distribution during MUDD process (𝐷𝑅 =5.4, 𝑟𝑝𝑖1 =0.05mm, 




 punches), ∆𝑠 = 0.05mm, 




Fig. 4.17  Meridional stress distribution during MUDD with stopper (𝐷𝑅 =5.4, taper punch, 




 punches), 𝑟𝑝𝑖1 = 0.05mm, ∆𝑠 = 0.05mm, 
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Fig. 4.18 shows the effect of the 1
st
 punch inner shoulder radius on strain distribution in 
thickness direction. Using the large the 1
st
 punch inner shoulder radius, the blank at the 1
st
 punch 
inner shoulder is subjected the reverse bulge deformation. It causes that no material flow and no 
deformation at flange area by applying the ultra high pressure because the stiffness at the 1
st
 punch 
inner shoulder area increases. Therefore, the micro cup cannot be fabricated in the large the 1
st
 punch 
inner shoulder radius. Thus, the partial high stiffness interferes the material deformation at flange 
area. The nouniform material flow by partial high stiffness is also resulted in the small punch 
shoulder radius. The small punch inner shoulder radius and large punch shoulder radius are required 
to obtain the uniform material flow in MUDD. 
Fig. 4.19 shows the effect of foil thickness on strain distribution in thickness direction. When the 
thickness of 20μm is used, not only the buckling in the meridional direction, but also the wrinkling 
in the circumferential direction occurs. The buckling can be eliminated by compressing it using the 
1
st
 punch and die because it occurs at flange area. On the other hand, the winkling occurs at die 
shoulder area. Accordingly, the wrinkles cannot be eliminated by compression using the 1
st
 punch. 
By using the thickness of 50μm, the wrinkling can be prevented due to the high bending stiffness for 
the thick thickness. From these results, the foil thickness of 50μm is used in the MUDD. 
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Fig. 4.18  Change of thickness distribution during MUDD with large 1
st
 punch inner shoulder 










Fig. 4.19  Change of thickness distribution during MUDD for thickness 𝑡 =20μm (𝐷𝑅 =5.4, taper 





∆𝑠 =0.05mm, 𝑝𝑐 = 𝑝𝑟 =200~380MPa). 
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4.5.3. Effect of process parameters on deformation behavior         
 
Fig. 4.20 shows the effect of punch displacement ∆𝑠 and counter and radial pressure 𝑝𝑐, 𝑝𝑟 on 
strain distribution in thickness direction. ∆𝑠 in Fig. 4.20(a) is twice as large as that in Fig. 4.14(d). 
In this case, the deformation amount in a cycle is large and the thickness reduction at 2
nd
 punch 
shoulder does not occur. In addition, the revers bulge deformation at the 2
nd
 punch inner shoulder 
shown in Fig. 4.18 can be avoided due to the improvement of material flow as shown in Fig. 4.20(b). 
However, the large ∆𝑠 causes the large buckling at 1st punch shoulder. It causes the insufficient 
material flow as with the flat punch shown in Fig. 4.14(b). Furthermore, the shape accuracy of the 
blank surface decreases due to a nonuniform flange pressing between the 1
st
 punch and die as shown 
in Fig. 4.20(a) and 4.21. 
On the other hand, the counter and radial pressures also affect the deformation behavior in 
MUDD. When the counter and radial pressures are too low, the blank cannot be deformed. The 
excessive counter and radial pressures, in contrast, results the reverse bulge deformation at the 2
nd
 
punch inner shoulder which causes no material flow due as shown in Fig. 4.20(c). Therefore, the 
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(a) Small punch inner shoulder (𝑟𝑝𝑖1 =0.10mm, 𝑝𝑐 = 𝑝𝑟 =200~380MPa) 
 
 
(b) Large punch inner shoulder (𝑟𝑝𝑖1 =0.10mm, 𝑝𝑐 = 𝑝𝑟 =200~380MPa) 
 
 
(c) Large punch inner shoulder with higher pressure (𝑟𝑝𝑖1 =0.10mm, 𝑝𝑐 = 𝑝𝑟 =400~560MPa) 
Fig. 4.20  Effect of process parameters on change of thickness distribution during MUDD 
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Fig. 4.21 Change of thickness strain distribution during MUDD process (𝐷𝑅 =5.4, taper punch, 
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4.5.4. Design guideline for forming conditions in MUDD                     
 
Fig. 4.22 shows the effect of tooling and process parameters on failure types in MUDD. It was 
clarified that the excessive thinning and fracture at the 2
nd
 punch shoulder is resulted by the low 




 punches and no stopper to restrict the upward 
movement at blank edge. The large 1
st
 punch inner shoulder radius and the excessive counter 
pressure cause no material flow and no material deformation at flange area. On the other hand, the 
flat punch and large punch displacement results the excessive thickening and low shape accuracy 
due to the nonuniform material flow. As a result, it was found that the appropriate forming condition 
to avoid the thickness reduction at the 2
nd
 punch shoulder is the high friction coefficient, the use of 
stopper, the small 1
st
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4.5.5. FEM based validation of proposed MUDD process for high aspect 
ratio cup                                 
 
As mentioned in Section 4, the thickness reduction can be restricted and the uniform material 
flow and high shape accuracy can be obtained using the appropriate tooling and process parameters. 
Based on this appropriate forming condition, MUDD with high drawing ratios is conducted to 
fabricate the micro cup with the aspect ratio. 
Fig. 4.23 shows the appearance of drawn micro cup for each drawing ratio. Using proper 
forming condition, the aspect ratio of 4.6 can be successfully fabricated in MUDD. The thickness at 
the 2
nd
 punch shoulder does not significantly decreases in MUDD process even in 𝐷𝑅 =7.0. In 
addition, the uniform thickness distribution can be obtained at side wall in 𝐷𝑅 =5.4 and 7.0 due to 
the flange pressing as shown in Fig. 4.24, although it cannot be obtained at 𝐷𝑅 =3.8 because the 
flange are is not large enough to do the flange pressing. It shows that the desired thickness can be 
obtained by controlling the thickening and thinning behavior at the flange pressing stage in MUDD. 
From above results, it was revealed that MUDD can significantly improve the forming limit due to 
the deformation localization to restrict the thickness reduction and can improve the shape accuracy 
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(c) 𝐷𝑅 =2.0×3.0=7.0 
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4.4. Concluding Remarks                        
 
In this chapter, the newly micro ultra deep drawing (MUDD) process by combining the ultra 
high pressure and incremental control was developed. Furthermore, the appropriate forming 
condition to achieve the high aspect ratio and high shape accuracy in MUDD was designed by FEM 
simulation. The main conclusions are as follows; 
 




 punches in the same axis was developed, which can 
fabricate the long micro cup by repeating ① making the space between the 1st punch and blank 
by lifting up the 1
st
 punch, ② applying the ultra high pressure so as to disappear this space, and 
③ lifting down the 1st and 2nd punches at the same time. 
 
(2) In MUDD process, the material flow can be induced by the ultra high pressure and incremental 
control of punch movement. The deformation area can be controlled by the material constraint at 
2
nd
 punch side wall by friction holding effect and at 1
st
 punch side wall by the stopper. These 
effects can prevent the local thinning at 2
nd
 punch shoulder and avoid the fracture. Due to these 
effects, the MUDD process can achieve larger drawing ratio than the conventional MDD and 
MHDD. 
 
(3) The MUDD process and forming condition for the high forming limit and high shape accuracy 
was designed. It was found that the thickness reduction at 2
nd
 punch shoulder can be avoided by 
the high friction coefficient, the use of stopper, the small 1
st
 punch inner shoulder radius, the 
proper counter pressure, and the small punch displacement. Using the appropriate forming 
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5.1. Introduction                            
 
In Chapter 4, micro ultra deep drawing (MUDD) process with ultra high pressure and 
incremental control was designed by FEM. The designed MUDD process can realize the material 
flow control and the control of deformation area. The material flow control is important to reduce 
the tensile stress during MUDD process to avoid the fracture. Furthermore, it is effective to obtain 
the uniform and desired thickness distribution. The material flow can be optimized by the ultra high 
pressure, taper punch, and small 1
st
 punch displacement. On the other hand, the control of 
deformation and undeformation areas is important to avoid the local thinning behavior. The 
deformation of blank at 2
nd
 punch shoulder and at the 1
st
 punch side wall should be constrained by 
the friction holding effect and stopper to avoid the local thinning behavior and fracture. The 
deformation area should be localized at the flange area. The designed MUDD process can realize the 
high aspect ratio and uniform thickness distribution. Thus, the possibility of MUDD process was 
numerically clarified. 




 punches should be incrementally and 
independently controlled. In addition, the application of ultra high pressure is required. However, the 
MUDD tool set will be complicated to realize the incremental and independent control of several 
tools in the limited space with high accuracy. Furthermore, the generation of ultra high pressure is 
normally not easy in macro scale due to its high energy and complex structure of hydraulic system. 
They should be realized in the limited space in the compact tool sets. In this section, a newly MUDD 
system with triple action servo press machine and ultra high hydraulic system is developed. Using 
the developed MUDD system, the possibility of MUDD process is experimentally discussed.  
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5.2. Development of MUDD System                    
 
The simple apparatus was developed by decreasing the number of control targets one stroke 
forming, constant gap method, small clearance between tools and multi axial tooling. However, to 
realize MUDD process, the blank holder force should be minutely controlled and multi axial should 
be realized to control several tools separately. Furthermore, the ultra high pressure can enhance the 
effect of fluid pressure and expand the scope of applicable target size and shape. For this reason, the 
MUDD system including high blank holder force control, multi axial press machine, and ultra high 
hydraulic system is developed. 
 
 
5.2.1. Tooling structure                          
 
In MHDD tool, the one stroke forming [5-1] was adopted to conduct the blanking, the 1
st
 
drawing process coaxially. In MUDD process, not only the 1
st
 drawing but also 2
nd
 drawing should 
be conducted; however, they are normally conducted in different axials with transferring material. To 
conduct the 1
st
 drawing, the 2
nd
 drawing coaxially, the 2
nd
 punch, which conducts the 2
nd
 drawing, is 
placed at inside of 1
st
 punch, which is for 1
st
 drawing, as shown in Fig. 5.1. The MUDD tools consist 
of 4 parts. The bottom tools have almost same function with MHDD tool which can conduct the 
blanking and 1
st
 drawing process. The 2
nd
 drawing punch is assembled in the tool in the top to 
conduct the 2
nd
 drawing. The blank holder is assembled in the second tool from the top to conduct 





 drawings processes in the same axial. The tolerance of punches, die and blank holder is 





punches forces, the ultra compact load cell with high accuracy (KYOWA：LMB-A-200N) was 
assembled in the tool. Its maximum loading capacity is 200N. One load cell was used for the 2
nd
 
punch, and three load cells were used for the 1
st
 punch and blank holder. The appearance of 
developed MUDD is shown in Fig. 5.2. The MUDD tool has approximately 100mm wide, 100mm 
long and 225mm tall. It is compact enough for triple axial tooling.  
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5.2.2. Ultra high hydraulic system                     
 
In macro scale, to generate and control the ultra high pressure, the large, complex and expensive 
equipment is required because a quite high energy is needed to generate the ultra high pressure with 
large flow rate and it has a high risk. For this reason, it is limited to use the ultra high pressure in 
macro metal forming. On the other hand, in micro scale, the energy of generated ultra high pressure 
can be reduced significantly in micro scale because the required flow rate is small. It means that the 
ultra high pressure can be generated by simple equipment without the risk. Based on these 
advantages, the simple ultra high hydraulic system is developed. 
 
(1) Ultra high pressure generator 
Fig. 5.3 shows the schematic of ultra high hydraulic system. The fluid medium is filled in the 
cylinder and it is compressed by the piston connected to press machine. In this simple ultra high 
pressure generator, the generated pressure is determined by the cross section of piston and maximum 
capacity of press machine. The diameter of piston is 10mm and maximum capacity of press machine 
is 50kN. The design ultra high pressure is approximately 400MPa. Fig. 5.4 shows the appearance of 
developed ultra high pressure system. As the hydraulic piping, the stainless steel small pipes and the 
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(2) Sealing and flow pass for counter and radial pressures 
In MUDD system, not only counter pressure but also radial pressure can be applied. The counter 
pressure is applied from the bottom of MUDD tool as shown in Fig. 5.5. On the other hand, the 
radial pressure cannot be directly applied to blank edge due to the limitation of space and complex 
tool shape in the MUDD tool. Therefore, the fluid medium is applied from the side of MUDD tools 
and is enclosed 360 degree; then, the radial pressure is applied to blank edge from 4 holes in the 
blanking die bush as shown in Fig. 5.5. For the sealing, the O-rings and 1μm clearance between the 
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5.2.3. Triple action servo press machine                          
 
(1) Control of blank holder force 
In MHDD, the constant gap method [5-2], in which the gap between the blank holder and die is 
fixed, is adopted to realize the stabilization of forming process in micro scale. However, the blank 
holder force and position cannot be controlled during the forming process. Accordingly, the multi 
slides set up in the press machine to control not only punches but also blank holder. Using the closed 
loop feedback control, the blank holder force and position were controlled continuously. 
 
(2) Appearance of triple action servo press machine 
Fig. 5.7 shows the appearance of developed MUDD system. The desktop type triple action servo 
press machine with high accuracy (LLC. MICRO FABRICATINO LABORATORY) was developed. 






 slides control the 2
nd
 
punch, blank holder and blanking die and 1
st
 punch, respectively. To realize slide position control 
with high accuracy, the servo mortar (MITSUBISHI ELECTRIC Co.: HG-MR23(B)) was adopted 
for control of the 2
nd
 slide and the stepping motors (ORIENTAL MOTOR Co., Ltd.: 




 slides. Maximum working speed is 
20mm/s and minimum operation amount of slide position by jog feeding is 0.001mm. Thus, the 
developed triple action servo press machine can control the slides separately and realize incremental 
control. The specification of developed triple action servo press machine is listed in Table 5.1. 
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Fig. 5.7  Appearance of developed MUDD system. 
 
 




Press machine size [mm] 302W×330D×853H 
Maximum load capacity [kN] 
1
st
 slide 5 
2
nd
 slide 10 
3
rd
 slide 10 
Maximum stroke length [mm] 
1
st
 slide 80 
2
nd
 slide 73 
3
rd
 slide 44 
Maximum motion speed [mm/s] 20 
Load control resolution capability [g] ±10 
Hand motion JOG operation range [mm] 0.1 ~ 0.001 
Tooling 
Forming process One-stroke forming 
Blank holder Blank holder force control method 
Pressure generation 1μm clearance between tools 
  
Amplifier
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(3) Operating system of triple action press machine 
All of operation is performed using computer by inputting the data from motors, load cells and 
pressure sensors. Control program was made by Visual Basic. The operating modes for each slide are 
the position control (separately or simultaneously), force control (keep, above or below) and 
vibration (amplitude, time). The combination of these programs can realize several tooling motions. 
Fig. 5.8 shows the monitor of operating system. The punch force-stroke and force, position-time 
curves for each punch and blank holder are displayed in this monitor. 




Fig. 5.8  Operating monitor for MUDD system. 
 
  
Graph (force vs time)Graph (force vs slide position)
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Table 5.2  Comparison of functions between MHDD and MUDD systems 
 MHDD apparatus MUDD apparatus 
Apparatus size [mm] 250W×265D×630H 302W×330D×853H 
Press machine type Single action servo press Triple action servo press 
Blank holder methods Constant gap method 
Constant gap, Blank holder and 
Displacement control methods 
Maximum pressure [MPa] 20 400 
Fluid pressure type Counter pressure Counter and radial pressures 
Forming process 
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5.3. Experiment of MUDD                        
 
5.3.1. Experimental procedure                      
 
(1) Material used 
To fabricate the micro cup with high aspect ratio, the ultra-fine grained stainless steel foil 
(SUS304) of with thickness of 50μm were employed, which has the excellent material properties and 
can achieve the small dispersion. The average grain size is 2.29μm as shown in Fig. 5.9. The 
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(2) Experimental conditions 
The tooling dimension used in experiment is listed in Table 5.4. The total drawing ratios for the 
MUDD tools are 𝐷𝑅 =3.8 and 7.0. The appearance of used tools is shown in Fig. 5.10. These tools 
are made of sintered WC-Co hard alloy (JIS: V20 tungsten carbide-cobalt alloy). The blank holder 
force used in the 1
st
 drawing process, the punch displacement, the counter and radial pressure used in 
MUDD process are listed in Table 5.5. The counter and radial pressures were manually applied 
using the ultra high pressure generator shown in Fig. 5.4. They were kept several second at 
pressurization stage and increases with repeating the cycles. The loading path of MUDD used in 
experiment is shown in Fig. 5.11. To insert the stopper, the upper tool lifted up and the space was 
made between the upper and lower tools after the 1
st
 drawing. When the stopper is inserted into die 
and contacts with the blank edge, the upper tool goes down and the 2
nd
 drawing is conducted. The 
lubrication with high viscosity is applied to the material on the side of die. The drawing punch speed 




Table 5.4  Tooling dimension used in experiment. 





 drawing ratios DR1×DR2 1.8×2.1 2.0×3.5 









 punch diameter Dp2 [mm] 0.444 0.444 
1
st
 punch shoulder radius rp1 [mm] 0.160 0.300 
1
st
 punch inner shoulder radius rpi1 [mm] 0.060 0.060 
2
nd
 punch shoulder radius rp2 [mm] 0.222 0.222 




 die shoulder radius rd1 [mm] 0.200 0.200 
2
nd
 die shoulder radius rd2 [mm] 0.050 0.050 
Clearance between die and 1
st
 punch c1 [mm] 0.100 0.100 
Clearance between die and 2
nd
 punch c2 [mm] 0.100 0.100 
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Fig. 5.10  Appearance of MUDD tools. 
 
 
Table 5.5  Forming conditions used in experiment. 
Tooling conditions 




 punch displacement 
Δs [mm] 
Counter and radial pressure 
pc, pr [MPa] 
DR=1.8×2.1=3.8 4.0 0.03, 0.05, 0.10 100~150 
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5.4.2. Experimental results                      
 
(1) Performance test for developed MUDD system 
Fig. 5.11 shows the performance test results of tools displacement and generated counter 
pressure using the developed MUDD system. It can be seen that the ultra high pressure of 150MPa 
was successfully generated. The desired ultra high pressure can be applied and it can be maintained. 
Furthermore, the 1st punch, the 2
nd
 punch and blank holder can be independently and incrementally 
controlled using triple action servo press machine. The developed MUDD system has enough 





Fig. 5.11  Performance test results of tools displacements and generated counter pressure using 










Development of MUDD System and 
Its Experimental Verification 
- 200 - 
 
 05 
(2) Drawn micro cups 




 drawings in FEM and experiment. 
In the 1
st
 drawing, the micro cup can be fabricated in the experiment. The shape of drawn micro cup 
has a good agreement with the FEM result. Fig. 5.13 shows the thickness strain distributions in the 
1
st
 drawing obtained in FEM simulation and experiment. The thickness strain distribution in 




 drawing, the micro cup with aspect ratio of 0.92 was successfully fabricated without 
the fracture and wrinkling in the proposed forming conditions in Chapter 4. From these results, we 
can say that the MUDD process is realized in the experiment. To achieve the higher aspect ratio, the 













































Development of MUDD System and 
Its Experimental Verification 







Fig. 5.12  Comparison of thickness strain distribution in the 1
st
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5.5. Concluding Remarks                         
 
In this chapter, a newly MUDD system was developed on the basis of the design guideline in 
Chapter 4 and the experimental verification of the MUDD process was conducted. The main 
conclusions are as follows; 
 
(1) A novel MUDD apparatus with triple action servo press and ultra high hydraulic system with 
designed maximum pressure of 400MPa was developed. 
 
(2) The developed MUDD system can independently and incrementally control the displacements 




 punches with the minimum control amount of 1 μm. 
The ultra high pressure of 150MPa can be generated and its level can be controlled and 
maintained using the developed ultra high hydraulic system. 
 
(3) The micro cup with aspect ratio of 0.9 can be experimentally fabricated in MUDD. Using the 
developed MUDD system, the MUDD process combined the ultra high pressure and incremental 
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6.1. Summary                             
 
The demand for micro components with an ultra fine, complicated shape, and high shape 
accuracy has been increasing in order to improve the performance of devices used in the fields of 
medicine, precision equipment, and communication, as well as develop multifunctional, compact, 
and highly integrated devices. 
However, as the miniaturization advances, there are limitations in terms of shape and dimension 
in fabricating the components with a complicated three-dimensional shape due to the requirement of 
high accuracy for machine and tools. Another issue is the decrease in the lubrication effect and the 
deterioration in material properties as the specimen size decreases because of the tribological and 
grain size effects. In addition, due to a limitation of thinning of metal foil, the ratio of feature size to 
the minimum specimen size becomes small in micro scale and it has considerable influence on the 
deformation behavior. As a result, the forming limit decreases, the lifetime of dies shortens, and the 
surface property of the components deteriorates. 
In macro sheet forming, several forming principles with special techniques such as multi steps, 
hydraulic pressure, flange pressing, local heating and cooling, and incremental forming are proposed. 
Especially, sheet hydroforming technique can achieve the high forming limit, high flexibility for 
complex shape and high accuracy. In addition, the incremental forming technique can significantly 
improve the forming limit and achieve the quite high aspect ratio in macro scale. If these 
technologies can be scaled down to micro scale, it is useful to fabricate micro parts with high aspect 
ratio, complex shape and high accuracy. However, it seems that the micro sheet hydroforming cannot 
achieve the high aspect ratio due to the decrease of formability by size effect. On the other hand, it is 
difficult to scale down the incremental control technique into the micro scale due to the problem of 
tooling and tribology. 
With the above background, a new forming method, micro incremental sheet hydroforming was 
proposed in this study. In particular, this study aimed to develop a micro ultra deep drawing 
(MUDD) based on a micro hydromechanical deep drawing (MHDD) by combining the incremental 
control technique. However, the effect of hydraulic pressure on drawing characteristics in MHDD, 
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and its size effects have not been clarified in micro scale. Therefore, in the first stage, the MHDD 
process was designed on the basis of a new friction model considering open lubricant pockets and 
FEM model considering relative tooling feature size effect. Furthermore, the MHDD system was 
developed and its basic forming characteristics of fluid pressure were investigated. Based on these 
results of MHDD, in the second stage, a new forming process for MUDD with the ultra high fluid 
pressure and incremental control was designed and its forming principle was revealed by FE 
simulation. Finally, the MUDD system with ultra high hydraulic system and triple action servo press 




6.2. Outcomes                            
 
The main outcomes in this study can be divided into four parts. They can be drawn as follows, 
 
1) Proposal of design guideline for micro hydromechanical 
deep drawing process based on tribological size effect and 
tooling feature size 
 
The MHDD process was designed on the basis of the scale dependence of tribology and feature 
size effect. The new friction model considering OLPs and CLPs under fluid pressure was developed. 
In addition, the FEM simulation considering the relative tooling feature size was carried out, which 
is defined as the ratio of tooling dimension on minimum manufacturable thickness. Based on the 
mechanism in MHDD as described below, the design guideline in MHDD can be drawn as follows; 
(a) The ultra high pressure which is more than 100MPa is required to induce friction holding 
and hydrodynamic lubrication effects in MHDD. 
(b) The appropriate tooling conditions for fracture prevention effects and improvement of 
shape accuracy were clarified; hence, the punch shoulder radius should be small to 
obtain the high shape accuracy and friction holding effect. Meanwhile, the die shoulder 
radius should be small to induce the hydrodynamic lubrication. 
(c) The application of radial pressure can improve the lubrication in OLPs in MHDD. 
The increase of relative bending stiffness and the high contact pressure at die shoulder causes the 
feature size dependence of friction holding and hydrodynamic lubrication effects. Especially, when 
the ratio of punch diameter to thickness is less than 20, it is difficult to obtain the friction holding 
effect especially at small drawing ratio. On the other hand, it was clarified that the friction force 
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decreases with scaling down in MHDD, although it increases in conventional micro forming. The 
decrease of friction force is obvious when the blank diameter is approximately lower than 1~2mm. 




2) Development of simple and compact micro hydromechanical 
deep drawing system and confirmation of effects of fluid 
pressure on micro drawability 
 
Based on the established design guideline, the MHDD systems were developed. The developed 
MHDD system has the following characteristics; 
(a) The high precision and stable MHDD process was realized in simple and compact 
tooling by concept of one stroke forming (coaxial multiple processes). 
(b) The sealing for hydraulic pressure of 20MPa can be realized in the compact tool sets by 
the 1μm clearance between the tools. 
Using the developed system, the effect of fluid pressure on drawing characteristics in MHDD 
was confirmed. It can be summarized as follows; 
・ The micro drawability can be improved owing to the restriction of wrinkling and the reduction 
in friction force by applying the appropriate counter pressure. 
・ The shape accuracy at drawn cup bottom and side wall can be improved in micro scale by 
applying counter pressure. 
 
However, the fracture occurs at punch shoulder before the applied fluid pressure reaches in the 
range of ultra high pressure. It is because the friction force between the blank and blank holder 
increases with increasing the fluid pressure and the load applied to the material at punch shoulder 
also increases. Therefore, the effect of ultra high pressure cannot be expected for further 
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3) Proposal of new micro ultra deep drawing process using the 
ultra high pressure and incremental control for high aspect 
ratio and high shape accuracy 
 
The new MUDD process using the ultra high pressure and incremental controls of tools and 
pressure was proposed. In addition, the appropriate forming condition to achieve the high aspect 
ratio and high shape accuracy was designed using FEM simulation. The characteristics and design 
guideline of proposed MUDD are summarized as follows; 
(a) The MUDD process consists of repeating three stages; ① making the space between 
the 1st punch and blank by lifting up the 1
st
 punch, ② applying the ultra high pressure 
so as to disappear this space, and ③ lifting down the 1st and 2nd punches at the same 
time. 
(b) The above process can be attained through the ultra high pressure and the alternative 
control of punch movement and pressure. The deformation area can be incrementally 
controlled and localized by friction holding effect and stopper in MUDD to prevent the 
thickness reduction and the fracture. 
(c) The appropriate forming conditions to achieve the high aspect ratio and high shape 




 punches and 
blank, the constraint of blank edge movement by stopper, the taper punch, the small 1
st
 
punch inner shoulder radius, and the small punch displacement. 
(d) The micro cup with cup diameter of 0.5mm and aspect ratio of 4.6 can be successfully 
fabricated by the proposed MUDD process. 
The appropriate forming condition in MUDD was design by FEM simulation. It can be 
concluded that the developed MUDD is an effective and innovative forming method to solve the 
problems in micro scale and realize the quite long micro cup with high accuracy.  
 
 
4) Development of micro ultra deep drawing system with ultra 
high hydraulic system and multi axial press machine and 
experimental verification of micro ultra deep drawing 
process 
 
To realize the designed MUDD process, the newly MUDD system was developed. Additionally, 
the experimental verification of MUDD process was conducted. The outcomes are summarized as 
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(a) The new MUDD system with the ultra high hydraulic system with designed maximum 
pressure of 400MPa and triple action servo press machine was developed. 
(b) It was confirmed that the developed MUDD system can generate and keep the ultra high 





punches with minimum control amounts of 1μm. 
(c) The proposed MUDD process was experimentally verified using the develop MUDD 
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6.3. Contributions                            
 
The outcomes of present study are believed to contribute the academic value and industrial 
availability as follows. 
 
6.3.1. Academic value                          
 
The present study clarified that the effects of fluid pressure on deformation behavior in MHDD 
and its size effect, which has never been reported in previous research in micro forming. The 
equations for friction holding effect, hydrodynamic lubrication effect and compression effect by 
radial pressure were derived and the influential parameters on these effects were theoretically 
revealed. The new friction model for MHDD was proposed and the tribological size effect under 
fluid pressure in MHDD was newly revealed, which can reduce the friction in micro scale. In 
addition, it was experimentally revealed that the application of fluid pressure can improve the 
wrinkling limit, the friction force and the shape accuracy in micro scale. The above findings can 
contribute to expand and incite the research of micro sheet hydroforming. 
Furthermore, the new forming principle of material flow control and control of deformation area 
by combination of the ultra high fluid pressure and incremental control was realized in micro sheet 
forming. It can control the stress state and the thickness distribution of deformed blank by ultra high 
pressure, process parameters, the tool shape and size. This forming principle is a novel technique in 
micro forming and can contribute to potentially initiate a new academic research about ultra high 
pressure and incremental control. 
 
 
6.3.2. Industrial availability                        
 
The industrial availability of present study can be described as follows: 
The MHDD and MUDD systems with ultra high pressure and triple action serve press machine 
were developed. The one stroke forming was realized in the developed machines, which can conduct 
all of forming process in the same axis. It can significantly improve the handling and positioning 
with simple machine, tool set and process and also can realize the compact machine. In addition, the 
ultra high pressure can be generated and controlled in micro scale using the simple and compact ultra 
high hydraulic system. The application of ultra high pressure to micro forming can be easily realized 
due to the small required flow rate and the small energy for generated fluid pressure in micro scale, 
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Secondly, the new findings about the lubricate OLPs and hydrodynamic lubrication in micro 
sheet hydroforming can effectively improve the tribological behavior and solve the previous 
tribological problem. Furthermore, the high fitness between the blank and punch can be obtained by 
applying the fluid pressure without the tiny die which is difficult to fabricate. It was shown that the 
dieless forming with high shape accuracy can be realized in micro sheet hydroforming. It also shows 
the applicability of micro sheet hydroforming to the tiny and complex shape components. 
Additionally, the newly developed forming principle of MUDD can control the material flow and 
deformation area. It can realize the significant improvement of forming limit to achieve the quite 
high aspect ratio and can improve the shape accuracy and thickness uniformity. This innovative 
technique can solve the fundamental issue of low formability in micro forming and can be an 
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6.4. Future Works                           
 
1) In-depth understanding of tribological characteristics under fluid pressure 
The new friction model in micro sheet hydroforming was proposed in this study; however, its 
tribological behavior during the forming process has not been clearly clarified. In addition, its study 
is limited in the theoretical approach. This effect should be experimentally clarified in micro sheet 
hydroforming process. 
Furthermore, the lubricant state in open and close lubricant pockets under lubricant or fluid 
pressure should be evaluated to relate it with the scale dependence of friction force. However, the 
contact state is drastically changed during the forming process and it is not stable in micro sheet 
hydroforming due to the change of fluid pressure during the process. Also, the high fluid pressure is 
required to induce this behavior. Therefore, the simple evaluation test to clarify this phenomenon and 
it practical application for micro forming process is necessary as the future works. 
 
 
2) Modification of MUDD system and process to achieve the high aspect ratio 
The developed MUDD system can realize the MUDD process and fabricate the micro cup with 
aspect ratio of 0.9. However, the micro cup with aspect ratio of 4.6 and drawing ratio of 7.0 cannot 
be fabricated in experiment. It seems that the developed MUDD system cannot realize the same 
condition with FEM. The main problem should be as follows; 
 
○Insufficient sealablity in MUDD tool sets:  
The ultra high fluid pressure cannot be stably generated because there are many small clearances 
in MUDD tool sets, the leakage of fluid medium is large. 
 
○Micro elastic deformation of MUDD tool sets: 
The elastic deformation of tool by applying ultra high fluid pressure is one to several tens μm. 
The stopper cannot constraint the blank edge and the designed and actual gap between the blank 
and die Δs may be different. 
 
○Fluid pressure distribution in MUDD: 
The fluid pressure has the distribution during MUDD process. It may cause the less material flow 
at 1
st
 punch shoulder. 
 
These problems for MUDD system need to be modified to realize the same forming condition with 
FEM and achieve the high aspect ratio. Furthermore, the stopper was used to prevent the upward 
 
Conclusions 
- 212 - 
 
 06 
movement of cup edge in 2
nd
 drawing stage. However, to insert the stopper in the die after the 1
st
 
drawing, the upper tool should be lifted up once. The MUDD process using the stopper is coaxial 
multiple processes, but not purely the one stroke forming. The other method to restrict the upward 
movement of cup edge without the stopper or new principle for material flow control are required. 
The friction holding effect between the blank and 1
st
 punch and the application of radial pressure can 
restrict the movement of cup edge. The new application method of fluid pressure, such as drastic or 
pulse pressurization, may be effective to enhance the material flow without stopper. From this, more 
simple, effective and productive forming process should be proposed in the future. 
 
 
3) Expand of scope of application in micro incremental sheet hydroforming 
The proposed MUDD process uses the thickness of 50μm because the wrinkling occurs when the 
thickness decreases. It means that the applicable thickness in MUDD is limited. A new concept to 
prevent and eliminate the wrinkling is required. 
Additionally, the developed MUDD process uses the tiny punch to fabricate the micro cup. Even 
though the applied punch force is much smaller than conventional micro sheet forming process, 
there is the limitation of miniaturization of target size since the tiny punch is used. In addition, the 
target shape in this study is limit to the cylindrical cup. When the MUDD process is applied to the 
complex shape component, the deformation behavior, especially material flow control technique, 
will change. 
If the punchless forming can be realized in micro scale, the components size can be further 
miniaturized. In addition, by controlling the material flow properly, the desired shape and dimension 
can be obtained. In macro scale, the deep drawing using rubber [6-1] and flange pressing [6-2] were 
developed to realize the punchless deep drawing. These forming methods induce the material flow 
by compression using tools to deform the blank; hence, the punch is not needed in the process. The 
developed MUDD process also can fabricate the cup by material flow. Therefore, this process is 
possibly applied to the further tiny and complex shape components by optimizing the material flow 
control and deformation area control. Through this, it is important to realize the further 
miniaturization and fabrication of complex shape component as the future works. 
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Micro hydromechanical deep drawing (MHDD)
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